Nitric Oxide Toxicity Mediated by Peroxynitrite. by Jin, Xia
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1994
Nitric Oxide Toxicity Mediated by Peroxynitrite.
Xia Jin
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Jin, Xia, "Nitric Oxide Toxicity Mediated by Peroxynitrite." (1994). LSU Historical Dissertations and Theses. 5800.
https://digitalcommons.lsu.edu/gradschool_disstheses/5800
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI 
films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 
be from any type of computer printer.
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and 
continuing from left to right in equal sections with small overlaps. Each 
original is also photographed in one exposure and is included in 
reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UMI directly 
to order.
University Microfilms International 
A Bell & Howell Information Company 
300 North Zeeb Road. Ann Arbor. Ml 48106-1346 USA 
313/761-4700 800/521-0600

O rder N u m b er 9508573
N itric  oxide toxicity  m ed iated  by peroxynitrite
Jin, Xia, Ph.D.
The Louisiana State University and Agricultural and Mechanical Col., 1994
U-M-I
300 N . ZeebRd.
Ann Arbor, M I 48106

NITRIC OXIDE TOXICITY 
MEDIATED BY PEROXYNITRITE
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
The Department of Chemistry
by 
Xia Jin
B.S., Peking University, 1986 
M.S., Peking University, 1989 
August, 1994
To my mother Jie Xiao, 
my father Jiamin Jin, and 
To my husband Guobin Sun
ACKNOWLEDGMENTS
The work appearing in this dissertation was accomplished under the 
watchful eyes of Professor William A. Pryor. He guided and supported me 
throughout, yet had the insight to let me explore. My gratitude cannot be 
overstated.
Next in line I wish to thank Dr. G. L. Squadrito for his invaluable advice 
and discussions which helped me to make this work possible, Dr. J.J. Moreno 
for bringing me to this interesting area, and the National Institute of Health for 
the financial support. In addition, I wish to thank Dr. W. H. Koppenol for his 
kindness to let me use his stopped-flow spectrophotometer and for many 
useful discussions. Thanks are also due to the rest of graduate advisory 
committee: Drs. R. P. Hammer, M. Saska, G. G. Stanley, and G. W. Winston, 
for their generosity and readiness to assist me when I required their help.
Throughout my research I have had the good fortune of being with so 
many helpful people together. I am very grateful to Dr. R. Cueto for his 
generosity and patience to share with me his knowledge of computers and 
instruments. I appreciate the friendship from Dr. M. G. Salgo and Mr. J-N. 
Lemercier. They made my life as a graduate student so much fun! I also 
wish to thank many members of the Pryor’ research group over the years, 
including but not limited to: Drs. E. Bermudez and K. Stone for their care and 
support, Dr. R. M. Uppu for helpful scientific discussions. Finally, I wish to
thank the faculty, staff, and graduate students in both the Biodynamics 
Institute and the Department of Chemistry at LSU for providing an enjoyable 
working environment, leaving me with many happy memories of my life as a 
graduate student at LSU in Baton Rouge.
iv
FOREWORD
This dissertation, divided into three chapters, is concerned with the 
mechanisms of nitric oxide toxicity mediated by peroxynitrite to the biological 
systems.
The first chapter, "COMPARISON OF THE CHEMICAL REACTIVITY 
OF PEROXYNITROUS ACID SYNTHESIZED BY THE OZONATION OF 
AZIDE AND BY THE OTHER CLASSICAL METHODS", was authored by Xia 
Jin, Giuseppe L. Squadrito, Rao M. Uppu and William A. Pryor. The 
manuscript has been submitted for publication to Biochemical Biophysical 
Research Communications on June 1994. This chapter reports on studies 
done on the chemical reactivity of peroxynitrous acid synthesized by 
independent methods.
The second chapter, "OXIDATION OF METHIONINE BY 
PEROXYNITRITE; COMPARING ONE- AND TWO-ELECTRON 
PROCESSES", was authored by Xia Jin, Giuseppe L. Squadrito, and William 
A. Pryor. The manuscript has been submitted for publication in The 
Proceedings o f The National Academ y o f Sciences USA on May 1994. This 
chapter investigates the mechanisms of methionine oxidation by peroxynitrite, 
and the competing one- and two-electron processes are proposed.
The third chapter, "METHIONINE OXIDATION BY PEROXYNITRITE; 
KINETICS AND BIOLOGICAL RELEVANCE", will be submitted for publication
to The Journal o f Organic Chemistry. This chapter reports on the detail kinetic 
studies of methionine oxidation by peroxynitrite and the decomposition of 
peroxynitrous acid.
Finally, APPENDIX I and APPENDIX II contain the details of 
experimental procedures and data treatments pertaining to the three preceding 
chapters. These two Appendixes also contain all the experimental data that 
have not been included for the three preceding chapters.
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ABSTRACT
The reaction of nitric oxide (NO) with superoxide forms peroxynitrite, an 
extremely potent oxidant. Peroxynitrite can be synthesized by the ozonation 
of the azide ion. This preparation of peroxynitrite is essentially free of 
hydrogen peroxide and does not contain excess alkali. Peroxynitrites 
synthesized by independent methods contain very different impurities, but give 
the same results toward the oxidation of methionine (Met), dimethylsulfoxide, 
and the nitration of phenols.
The oxidations of Met and its analog, 2-keto-4-thiomethylbutanoic acid 
(KTBA), by peroxynitrite proceed by two competing mechanisms. The first is 
a non-radical, bimolecular reaction yielding methionine sulfoxide (M etS=0). In 
the second mechanism, methionine or KTBA reacts with peroxynitrite by a 
one-electron transfer (ET) reaction that produces ethylene; this reaction is first 
order in peroxynitrite and zero order in Met. Both eerie and peroxydisulfate 
ions also oxidize KTBA to ethylene, supporting an ET mechanism. Neither the 
yields of M etS=0 nor the yields of ethylene are affected by several hydroxyl 
radical scavengers, suggesting that a unimolecular homolysis of peroxynitrite 
to form the hydroxyl radical is not involved in these reactions. We propose 
that the reaction of methionine with peroxynitrite to form ethylene involves an 
excited intermediate of peroxynitrite that has a reactivity sim ilar to the hydroxyl 
radical.
Both peroxynitrous acid and its anion react with methionine to form 
M etS=0; the second-order rate constants at 25°C are 2060±120 and 
0.20 M '1s '1, respectively. The first-order rate constants for the decomposition 
of peroxynitrous acid to give nitric acid is 1.38±0.02 s'1. This rate is 
sufficiently slow so that methionine can trap peroxynitrous acid before it 
rearranges to nitric acid. The activation parameters for the bimolecular 
reaction of peroxynitrite with methionine to form M etS=0 are: a H *  = 7.6±0.2 
kcal/mol and a S *  = -19.8+1 cal/mol.K at pH 4.7, and a H *  = 7.7±0.4 kcal/mol 
and a S *  = -22.7±1.3 cal/mol.K at pH 7.4; and the activation parameters for the 
unimolecular decomposition of peroxynitrous acid to form nitric acid are: a H *  =  
18.1±0.7 kcal/mol and a S *  = 1.4±2 cal/mol.K at pH 4.7, and a H *  = 17.4±0.5 
kcal/mol and a S *  = 0.9±1.7 cal/mol.K at pH 7.4.
xvii
INTRODUCTION
Nitric oxide (NO) is one of a lengthy list of environmental pollutants 
found in unsavory haunts such as cigarette smoke and smog. The bad 
reputation of NO comes from its free-radical structure, and it is known to be a 
destroyer of ozone, a suspected carcinogen, and a precursor of acid rain. It 
also has long been known that bacteria contain NO, but no one anticipated 
that such an active agent would have a crucial function in mammals.
Over the past 7 years, diverse lines of evidence have converged to 
show that this toxic molecule is a fundamental player in the everyday business 
of the human body. In 1987, nitric oxide was identified as the endothelium- 
derived relaxing factor (EDRF), the endogenous vasodilator mimicked by 
nitroglycerin and nitroprusside [1-4]. An astonishing variety of tissues 
synthesize NO, which has important roles in the control of systemic blood 
pressure, respiration, digestion, platelet aggregation, cerebral blood flow and 
neuronal synaptic plasticity [5]. Furthermore, nitric oxide is involved in the 
control of a large number of physiological responses including 
neurotransmission, muscletone, and phagocyte activity [6-12], Many organs 
show NO-dependent physiological and pathological reaction; for example, 
septic shock and cytokine-induced acute lung injuries can cause lung injury 
leading to adult respiratory distress syndrome (ARDS) [13,14], After the onset 
of ARDS, inhalation of NO induce airway relaxation and dilatation of
1
pulmonary but not systemic vasculature [15-20]. Nitric oxide also can mitigate 
hypoxic pulmonary vasoconstriction [21] and pulmonary hypertension in 
cardiac patients [22,23].
The widespread use of NO as a biological signal molecule is 
remarkable from many perspectives, nevertheless NO is a environmental 
toxin. Paradoxically, the toxicity of NO very often involves oxidations, but nitric 
oxide itself is only a weak oxidant. It has been discovered that NO can be 
converted to a potent oxidant by a coupling reaction with superoxide to 
produce peroxynitrite1 [24,25]. The toxicity of nitric oxide mediated by 
peroxynitrite is the basis for the studies in this dissertation.
Evidence for the Formation of Peroxynitrite in vivo
The reaction of superoxide and NO to form peroxynitrite anion (' 
0 0 N = 0 )  and its conjugate acid (HOONO) is known to occur in vitro as shown 
below, and the reaction rate has recently been determined to be 6.7 
(±0.9)x109 M 'V 1, very close to diffusion-controlled rate constant [24,26].
0 2"  + ’N 0  -» 'OONO (1)
H+ + ’OONO - 4  HOONO (2)
1The recommended name for the ion 'OONO is oxoperoxonitrate. For 
simplicity, we have chosen to use the common name of "peroxynitrite", and 
our use o f " peroxynitrite " refers to both 'OONO and its conjugate acid, 
HOONO, unless otherwise stated.
3Reactions 1 and 2 would be expected to be important at loci where 
both NO and superoxide are produced. There undoubtedly are such loci; for 
example, stimulated neutrophils, macrophages, and endothelial cells produce 
both NO and superoxide [25,27-31].
The fast rate of the reaction of NO with superoxide (6.7x109 M '1s '1) 
allows NO to compete for superoxide with SOD, which reacts catalytically with 
superoxide at a rate of 2.4x109 M'1s '1 [42]. The concentrations of NO 
produced by endothelium and neurons for signal transduction are typically IQ- 
400 nM, far below the concentration of SOD. But pathological conditions 
induce a high levels of the inducible form of NO synthase, which can produce 
a hundred to a thousand fold more NO [32], Recently, 2-4 pM of NO has 
been measured in ischemic brain [43]. Substantial amount of peroxynitrite has 
been detected from activated rodent alveolar macrophages as measured by 
the nitration of a tyrosine analog with SOD [44].
A number of studies also suggest that peroxynitrite is formed in vivo. 
The biological activity of EDRF or NO is enhanced in the presence of 
superoxide scavengers such as superoxide dismutase (SOD) and thiols 
[2,32-37]. Superoxide-generating compounds are well known to inactivate 
EDRF [2,36,38-41], Lung injury in rats cause by the deposition of immune 
complexes has been suggested to involve peroxynitrite [45], Neuronal death 
after focal cerebral ischemia is postulated to require both NO and superoxide 
[46], Peroxynitrous acid has been proposed to be the species responsible for
diazotizing amines in NO-producing systems, leading to the deamination of 
DNA base [47],
Another evidence for the role of peroxynitrite in vivo comes from the 
studies of the nitration of tyrosine residues in proteins. The original 
observations were made in vitro, where it was shown that tyrosine is nitrated 
by peroxynitrite and not by NO or N 0 2 [48], Neither NO nor N 0 2 would be 
expected to be nitrosating or nitrating agents at cellular temperature and pH 
[49], Recently, sensitive immunohistochemical techniques have been used to 
demonstrate the presence of nitrotyrosine residues in proteins in 
atherosclerotic lesions of formalin-fixed human coronary arteries using 
polyclonal and monoclonal antibodies [50], providing the convincing evidence 
for the formation of peroxynitrite in vivo.
Biological Roles and Mechanism Considerations of Peroxynitrite
It has now become clear that peroxynitrite is a powerful relatively long- 
lived and toxic oxidant that can be produced in vivo [25,44,51]. The detailed 
chemical reactivities of peroxynitrite as an oxidant have been reviewed by 
Edwards and Plumb [52], In recent years, peroxynitrite has been found to be 
able to carry out reactions that are injurious to the cell. For example, 
peroxynitrite can oxidize both protein and nonprotein thiols [53]; initiate lipid 
peroxidation [54,55]; react with deoxyribose [25]; and inactivate alpha-
5proteinase inhibitor (a1 PI) [56]. It can modify low density lipoprotein [57]; 
react with myeloperoxidase [58]; induce colonic inflammation in vivo [59]; and 
cause neurotoxicity [60]. It may also play a role in reperfusion injury, where 
ischemic endothelium produces superoxide and NO when blood flow is 
reestablished [61]. In addition, peroxynitrite nitrates and hydroxylates aromatic 
compounds, a reaction that is catalyzed by metal complexes [62] and SOD 
[48].
Although the capabilities of peroxynitrite as oxidant are clear, the 
mechanisms of its oxidation are controversial. Peroxynitrous acid, which has 
a pKA of 6.8 [53], is stable in alkaline solution [63], but decomposes rapidly at 
lower pH values. It is generally assumed that peroxynitrite yields the hydroxyl 
radical which is responsible for the biological damage [25,64-66]. However, 
the oxidation of a1 PI by peroxynitrite is not affected by typical hydroxyl radical 
scavengers such as benzoate and mannitol, and it was suggested that the 
oxidizing agent is peroxynitrite itself [56]. In addition, thermokinetic 
calculations appear to rule out the involvement of hydroxyl radical in the 
peroxynitrite oxidation reactions [67],
Preparations of Peroxynitrite
Since in acid solution peroxynitrous acid isomerizes rapidly to nitric acid 
[56,63,67-72], preparations of peroxynitrite must take this into account. In the
6past, several methods to synthesize peroxynitrite have been used [52], The 
most common method, described by Hughes and Nicklin [63], involves the 
addition of an acidified solution of hydrogen peroxide to a solution of sodium 
nitrite, followed by the immediate neutralization of the acid using excess base. 
Hughes and Nicklin also reported that high yields of peroxynitrite can be 
prepared by autoxidation of hydroxylamine in alkali [73]. Other methods 
include: photolysis of nitrate solution [74], the reaction of NO with superoxide
[24], and the reaction of hydrogen peroxide with alkyl nitrites in basic media 
[75]. Peroxynitrite solutions from some of these preparations contain excess 
alkali or have high ionic strength.
Purpose of this Investigation
The toxicity of nitric oxide to biomolecules has been studied for some 
time in Dr. W. A. Pryor’s laboratory. As part of this continuing effort, this work 
is concerned with a pathway for NO toxicity mediated by peroxynitrite. In a 
recent publication from this group, it has shown that peroxynitrite can 
inactivate a1PI by oxidizing the methionine (Met) residue in its active site [56]. 
Therefore, in this dissertation, studies using methionine itself have been 
conducted to more clearly formulate a mechanism for the oxidation of a1PI by 
peroxynitrite.
CHAPTER 1. COMPARISON OF THE CHEMICAL REACTIVITY OF 
PEROXYNITROUS ACID SYNTHESIZED BY THE OZONATION OF AZIDE 
AND BY THE OTHER CLASSICAL METHODS.
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Peroxynitrite and its acid, peroxynitrous acid (HOONO), are of 
considerable interest [25,56,67,76]. In biological systems, peroxynitrite is 
formed by the diffusion-controlled reaction of the nitric oxide and superoxide 
radicals [26], at sites in which both radicals are simultaneously 
produced[27-29,31,77].
While both superoxide and NO are very weak oxidizing agents, 
HOONO is a potent one- and two-electron oxidant (see CHAPTER 2). The 
versatility of HOONO as an oxidant is striking: it is capable of oxidizing thiols 
such as cysteine and glutathione [53], methionine residues in proteins [56], 
and dimethylsulfoxide (DMSO) [25], it can perform one-electron transfer 
reactions (see CHAPTER 2) and it can nitrate phenols [48,62],
It has been suggested that at least part of the toxicity of HOONO may 
arise from the homolysis of its peroxide bond to yield the hydroxyl radical and 
nitrogen dioxide [25,49,64-66] although this has been challenged recently 
[67,78]. It is important to establish the purity of the peroxynitrite preparations 
used in probing this question. For example, peroxynitrite usually is 
synthesized from hydrogen peroxide and nitrous acid [63,70] or by the 
autoxidation of hydroxylamine [73]. Both of these preparations contain 
residual hydrogen peroxide, which often is removed by treatment with
manganese dioxide which can be potential source for trace metal 
contamination.
Recently, we have developed a synthesis using the ozonation of azide 
ions [79]; this peroxynitrite preparation is essentially free of hydrogen peroxide 
that could itself be a source of hydroxyl radicals. We here compare the 
chemical reactivity of HOONO prepared by the ozonation of azide [79]
(Method A) or by autoxidation of hydroxylamine [73] (Method B) (see 
APPENDIX I, experimental section for preparation procedures) toward 
methionine (Table 1). We also compare the results of the two preparation in 
the oxidation of DMSO2 and nitration of phenolic compounds obtained with 
peroxynitrite prepared by Method A and by the reaction of hydrogen peroxide 
with nitrous acid [63,70].
Results and Discussions
Peroxynitrite oxidizes methionine to ethylene and methionine sulfoxide 
(M etS=0), the former by a one-electron oxidation and the latter by a 
nucleophilic displacement (see CHAPTER 2). Table 1 shows that the same
2Peroxynitrite (0-5.27 pmol) was allowed to react with 30 pmol of dimethyl 
sulfoxide in 1 ml of 0.08 M phosphate buffer, pH 7.0 containing 0.1 mM DTPA 
[25]. An aliquot of the reaction mixture (300 pl_) was mixed with 2.7 ml of 0.1 
M sodium pyrophosphate buffer, pH 8.5 containing 0.51 mM NAD+ and 0.17 
units of formaldehyde dehydrogenase and incubated for 20 min at 37°C. 
Formaldehyde formed was estimated on the basis of change in absorbance at 
340 nm (e = 6,220 M'1 cm '1 for NADH at 340 nm).
Table 1.1. The Yields of MetS=0 and Ethylene from the Reaction of Methionine with Peroxynitrite from Two 
Independent Methods at 25°C and pH 7.4.a
Added
Scavenger1
Added
Chelatod
HOONO
Preparation
Ethylened (nmol) MetS=Oe (nmol)
No Fe3+-EDTA Fe3t-EDTA* No Fe3+-EDTA Fe3+-EDTA*
None None B 46±1 43±4 510±10 783+20
None None A 46±5 40±3 528+14 803+24
None DTPA B 43±3 ND 535±15 ND
None DTPA A 42±4 ND 520110 ND
None EDTA B 44±2 ND 505120 ND
None EDTA A 45±5 ND 504117 ND
Benzoate None B 48±5 44±5 50118 788116
Benzoate None A 47±4 41 ±4 54815 782115
Mannitol None B 49±6 45±4 515+20 801+26
Mannitol None A 50±6 42±5 532+8 792112
DMSO None B 48±5 42±4 ND ND
DMSO None A 51±7 40±4 556128 774+12
Ascorbate None B 0 0 150+20 46+7
Ascorbate None A 0 0 128+10 65+6
(Table Con’d)
a - A refers to method A; B refers to method B; and ND refers to not determined. All data represent the average of 
two independent experiments and the errors are standard deviations, 
b - The concentrations of scavengers were 20 mM.
c - EDTA, DTPA, or ferric-EDTA were added as indicated and were 0.5 mM.
d - Ethylene was analyzed by a Hewlett-Packard Model 5890, series II gas chromatograph equipped with a J&W GS- 
Alumina column (30 m x 0.544 mm) and a flame ionization detector. All samples contained 1.0 mM methionine, 0.5 
mM peroxynitrite, and the other components as indicated (see APPENDIX I, experimental section for experimental 
details).
e - Methionine sulfoxide, methionine, and leucine (internal standard) were analyzed on a Hewlett-Packard HP 1090 
liquid chromatograph equipped with a diode array detector, using a C18-microbore amino acid analysis column as 
described in APPENDIX I, experimental section.
yields are obtained for these two products for peroxynitrite solutions prepared 
either by method A or method B. The experiments summarized in the top six 
lines of Table 1 show that the presence of 0.5 mM of either EDTA or DTPA 
does not affect the yields of ethylene and M etS=0. Table 1 also shows the 
effects of radical scavengers on the formation of both M etS=0 and ethylene.
In all of these experiments, the initial concentrations of the scavengers are 20- 
fold greater than that of methionine. The yields of ethylene are not affected 
by the hydroxyl radical scavengers benzoate, mannitol or DMSO either in the 
presence or absence of ferric-EDTA. The yields of M etS =0 always increase 
in the presence of ferric-EDTA suggesting Lewis acid catalysis. The hydroxyl 
radical scavengers alone do not have any effect on the yields of M etS=0. 
Ascorbic acid prevents the oxidation of methionine by peroxynitrite because of 
its fast, direct, bimolecular reaction with peroxynitrite (k2 = 64 M‘1s '1).
The reaction of tyrosine with HOONO prepared by Method A gives 
nitrotyrosine(s) in 7.3 mol % yield (based on the starting concentration of 
peroxynitrite; Figure 1), in good agreement with the 6.9 mol % reported by 
Beckman et a l [62] for the nitration of 4-hydroxyphenylacetic acid by HOONO 
prepared by the reaction of hydrogen peroxide with nitrous acid. Addition of 
0.1 mM EDTA or DTPA does not affect the yield of nitrotyrosine (Figure 1). 
Peroxynitrous acid prepared by method B gives an 8.2 mol % yield of 
formaldehyde from the oxidation of DMSO, in agreement with the 9.4 mol %
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Figure 1.1. Nitration of Tyrosine by Peroxynitrite at pH 7.0. Peroxynitrite 
(0-3.26 pmol) was reacted with 2 pmol of tyrosine in 2.25 ml of 0.08 M 
phosphate buffer, pH 7.0 at room temperature for 10 min. 
Ethylenediam inetetraacetic acid (0.1 mM) or DTPA (0.1 mM) was included in 
the assay to study the effects of metal ions. Nitrotyrosine(s) formed was 
estimated at 438 nm following the addition of 0.25 ml of 1 N NaOH (e = 4,200 
M'1 cm '1) [48]. Each data point represents the mean of duplicate 
measurements.
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yield using HOONO prepared by the reaction of hydrogen peroxide with 
nitrous acid, as reported by Beckman et a/ [25].
In conclusion, the oxidations with HOONO prepared by independent 
methods afford the same yields of ethylene and methionine sulfoxide from 
methionine, formaldehyde from the oxidation of DMSO, and nitrated phenolic 
compounds from tyrosine or 4-hydroxyphenylacetic acid. The presence of 
metal ion chelators like EDTA or DTPA do not affect these yields suggesting 
that trace amounts of adventitious metal ions are not involved in these 
processes. Furthermore, the yield of ethylene, a product that is also found in 
the oxidation of methionine by the hydroxyl radical [80], is not affected by 
hydroxyl radical scavengers used at concentrations 20-fold higher than that of 
methionine. These data suggest that all of these oxidations involve 
peroxynitrite or peroxynitrous acid acting as a direct oxidant, rather than via 
unimolecular homolysis to the hydroxyl radical.
CHAPTER 2. OXIDATION OF METHIONINE BY PEROXYNITRITE; 
COMPETING ONE- AND TWO-ELECTRON PROCESSES
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Introduction
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Nature’s use of NO as a biological signal molecule is remarkable from 
many perspectives, not the least of which is the fact of that NO is a toxin.
The toxicity of NO involves oxidations, but nitric oxide itself is only a weak 
oxidant. However, nitric oxide can be converted to a potent oxidant by 
reaction with superoxide to produce peroxynitrite f0 0 -N = 0 )  and its conjugate 
acid, peroxynitrous acid (H 0 0 -N = 0 ) [25], as shown in equations 2.1 and 2.2. 
Peroxynitrite/peroxynitrous acid is capable of oxidizing thiols [53], deoxyribose
[25], lipids [54,55], and alpha-1-proteinase inhibitor (a1 PI) [56].
0 2"  + 'NO '0 0  NO (1)
H+ + 'OONO -» HOONO (2)
The reaction of superoxide and NO to form peroxynitrite is known to 
occur in vitro [24] in a reaction that is diffusion-controlled [26]. Thus, the rate 
constant for Equation 2.1 is as large or larger than those for the reactions of 
superoxide with superoxide dismutase (SOD) or of NO with heme compounds 
[81,82],
Reactions 2.1 and 2.2 would be expected to be important in vivo at loci 
where both NO and 0 2'* are produced, since NO, 0 2 * and HOONO all have 
short biological halflives. There are such loci; for example, stimulated 
neutrophils, macrophages, and endothelial cells produce both NO and 
superoxide [25,27-31].
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It seems likely that the reactions of peroxynitrite represent a critical 
control point in superoxide and NO-producing cells, leading either to 
inactivation of both NO and superoxide via nitrate production or to potentially 
toxic oxidations of nearby molecules. Therefore, it is important to obtain the 
data necessary to model the reactions of peroxynitrite/HOONO with the types 
of biomolecules with which it reacts.
Several lines of evidence indicate that peroxynitrite is formed in vivo. 
For example, superoxide can reduce the effects of NO by diverting NO to form 
peroxynitrite and nitrate [36,38-41], For this reason, superoxide scavengers 
such as superoxide dismutase (SOD) and thiols [33,34,83] can enhance the 
biological activity of NO [2,35,37,84,85]. Neuronal death after focal cerebral 
ischemia is postulated to require both NO and superoxide [46]. Lung injury in 
rats caused by the deposition of immune complexes has been suggested to 
involve peroxynitrite [45].
At present, the best evidence for the role of peroxynitrite in vivo comes 
from studies of the nitration of tyrosine residues in proteins. Note that NO is 
not a nitrosating or nitrating agent [49]; N 0 2 can lead to the nitrosation of 
amines in a reaction that is slower than that by HOONO [86]. Experimentally, 
tyrosine is nitrated by peroxynitrite, but not by nitric oxide or nitrogen dioxide 
[48]. Recently, sensitive immunohistochemical techniques have been used to 
demonstrate the presence of nitrotyrosine residues in proteins in 
atherosclerotic lesions of formalin-fixed human coronary arteries [50].
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Peroxynitrite can oxidize the methionine residue at the active site of 
a1 PI to the sulfoxide, inactivating the protein. This oxidation occurs by a 
bimolecular displacement (SN2) mechanism that does not involve free radicals 
[56]. We here report a detailed investigation of the reaction of peroxynitrite 
with methionine itself and with the methionine analog, 2-keto-4- 
thiomethylbutanoic acid (KTBA). We find, surprisingly, that peroxynitrite reacts 
with methionine by two competing pathways: a one-electron oxidation that 
leads to ethylene and a two-electron reaction that gives methionine sulfoxide 
(MetS=0).
Materials and Methods
Chem icals. The following chemicals were purchased from Sigma 
Chemical Company, St. Louis, MO: L-methionine, L-methionine sulfoxide, 
mannitol, sodium benzoate, leucine, 2-keto-4-thiomethylbutanoic acid (KTBA), 
diethylenetriaminepentaacetic acid (DTPA), ethylenediaminetetraacetic acid 
(EDTA), mercaptopropionic acid, ort/7 0 -phthaldialdehyde. Trolox® was a gift 
from Hoffmann-LaRoche. Tetrahydrofuran was obtained from Aldrich 
(Milwaukee, W l) and distilled from sodium under argon before it was used; 
ammonium cerium (IV) nitrate, ammonium peroxodisulfate, dimethylsulfoxide 
(DMSO), and ferric ammonium sulfate were also purchased from Aldrich.
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Hydroxylamine was from Fisher (Fair Lawn, NJ) and triethylam ine (TEA) from 
Pierce (Rockford, IL).
S yn th e s is  o f  P e roxyn itrite . Peroxynitrite was synthesized by two 
methods. Method A. We have developed a convenient synthesis of 
peroxynitrite that involves the reaction of ozone with azide [79]. Method B. 
This method involves the autoxidation of hydroxylamine in alkali as described 
by Hughes et at. [73]. Peroxynitrite solutions were purified by freeze fraction 
and concentrations determined spectrophotometrically by measuring the 
absorbance at 302 nm using an extinction coefficient of 1670 M'1cm '1 [63]. 
Experimental details are described in APPENDIX I.
GC a n d  HPLC P ro d u c t A na lyses. Systems used 0.5 M sodium 
phosphate buffer, pH 7.4, methionine varying from 1 mM to 17.5 mM as 
needed, 0.5 mM peroxynitrite and the other components as required.
Ethylene was analyzed using a Hewlett-Packard gas chromatograph (GC) 
equipped with a flame ionization detector. Methionine and M etS=0 were 
analyzed by HPLC equipped with a diode array detector, using a C18- 
microbore amino acid analysis column (Hewlett-Packard, Palo Alto, CA). 
Experimental procedures are described in APPENDIX I.
NMR A na lys is . Concentrations of KTBA were measured directly on 
the reaction samples by 1H-NMR on a Bruker AC 200 spectrometer operating 
at 200 MHz and room temperature. The microprogram PRESAT provided with 
the Bruker software was used to partially suppress the water resonance
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[parameters: PW=5 ps (60° pulse); D1=8 sec; S3=15L; DS=4; NS=64 or 128], 
The singlet corresponding to the methyl group of KTBA was integrated and 
referred to the area of the internal standard tert-butanol.
K in e tic s  Experim ents. Kinetics measurements at pH 7.4 used a 
stopped-flow spectrophotometer manufactured by Kinetic Instruments, Inc.
(Ann Arbor, Ml) and On-Line Instrument Services (Jefferson, GA) with a 
mixing time of less than 1.5 ms. The stock peroxynitrite solution was diluted 
to the appropriate concentration with deionized water immediately before 
loading into the stopped-flow spectrophotometer syringes. Equal volumes of 
the peroxynitrite solution and a 0.5 M phosphate buffer solution pH 7.3, or the 
buffer solution containing methionine, were mixed in the cell of the stopped- 
flow apparatus. The rate of peroxynitrite disappearance was followed at 302 
nm maintaining the temperature at 25+0.1°C. The pH was measured at the 
outlet. The pH increase resulting from mixing the two solutions was less than 
0.1 pH unit. Each run was repeated at least six times to determine an 
average rate constant. The peroxynitrous acid decomposition reaction yielding 
nitric acid followed first-order kinetics. The peroxynitrite-methionine or 
peroxynitrite-ascorbate reaction kinetics were studied under pseudo-first-order 
conditions using an excess amount of methionine or ascorbate. Second-order 
rate constants were calculated from the observed pseudo-first-order rate 
constants using TableCurve Automated Curve Fitting software (Jandel 
Scientific, San Rafael, CA).
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Results
Peroxynitrite Isomerization to Nitrate. The decomposition of 
peroxynitrous acid to form nitric acid was studied by following the absorbance 
at 302 nm due to peroxynitrite in the absence of methionine at pH 7.4 and 
25°C. The data were fitted to a first-order decay equation by nonlinear 
regression, giving an observed first-order rate constant equal to 0.26±0.006 s'1 
This value for the isomerization rate constant agrees with 0.25±0.04 s'1, the 
value previously reported by us [67,87],
The Reaction of Methionine with Peroxynitrite. As will be discussed 
below, peroxynitrite converts methionine to a mixture of methionine sulfoxide 
and ethylene. The rate of reaction of peroxynitrite with methionine was 
studied under pseudo-first-order conditions, with 10- to 50-fold excess 
methionine, by following the disappearance of peroxynitrite at 302 nm at pH 
7.4. The observed rate constant (k ^J  increases linearly with the 
concentration of methionine, and the sum of the rate constants of the 
processes zero-order in methionine appears as a small non-zero intercept in 
the plot of kobs versus [Met] (Figure 2.1). The slope of Figure 2.1 gives the 
second-order rate constant for the oxidation of methionine by peroxynitrite, kN, 
242 M '1s '1 at pH 7.4. The intercept in Figure 2.1 is 0.49+0.15 s'1, in 
reasonable agreement with the direct measurement of the rate constant give
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Figure 2.1. Peroxynitrite Decomposition in the Presence of Methionine.
Peroxynitrite (0.3 mM) was added to solutions containing 0, 3, 5, 7, 10, or 15 
mM methionine in 0.5 M phosphate buffer, pH 7.40, at 25°C. The slope of this 
plot gives apparent second-order rate constant, kN. Each data point 
represents an average of six to eight determinations. Error bars are only 
shown where they are larger than symbols.
23
above for the decomposition of peroxynitrite in the absence of methionine 
(0.26±0.006 s’1).
The R eaction  o f  A sco rb a te  w ith  P e roxyn itrite . The rate constant for 
the bimolecular reaction of ascorbate with peroxynitrite pH 7.4 and 25°C was 
found to be 64 M"1s '1 (data are shown in APPENDIX II, Table ll.8).This is 4- 
fold slower than the reaction of methionine with peroxynitrite, surprisingly slow 
for an ascorbate reaction that would appear to be an electron transfer. Our 
finding of bimolecularity and our rate constant at pH 7.4 and 25°C agree with a 
more extensive study of the reaction of ascorbate with peroxynitrite by 
Koppenol. (Unpublished results of Dr. W. Koppenol of this Institute.)
The E ffe c t o f  C hela tors. Chelators that complex adventitious metals 
are without effect on the methionine reactions. The experiments summarized 
in the top 3 lines of Table 2.1 show that the presence of 0.5 mM of either 
ethylenediaminetetraacetic acid (EDTA) or diethylenetriaminepentaacetic acid 
(DTPA) does not affect the yields of either ethylene or M etS=0.
The addition of ferric-EDTA does produce an effect. The top 3 lines of 
Table 2.1 show that the addition of 0.5 mM ferric EDTA slightly increases the 
yield of M etS=0 from 519±12 nmole to 793±14 nmole. (Yields increase from 
92.8±1.3% to 98.7±1.3% based on methionine.) The presence of ferric-EDTA 
reduces the yield of ethylene (since more M etS=0 is formed). Ethylene yields 
decrease from 44.2±1.8 nmole (8.4±0.4%) to 41.5±2.1 nmole (5.1±0.3%).
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Table 2.1. Effect of Metal Chelators and Radical Scavengers on the 
Yields of Methionine Sulfoxide and Ethylene from the Reaction of 
Methionine with Peroxynitrite at 25°C and pH 7.4.a
Added
Scavenger
Added
Chelator
Ethylene (nmol) M etS=0 (nmol)
- Fe3+-EDTAb - Fe3+-EDTAb
None None 46±5 40±3 528±14 803+24
None DTPA 42±4 ND 520±10 ND
None EDTA 44±2 ND 505±20 ND
Benzoate None 47±4 41 ±4 548+25 782+15
Mannitol None 50±6 42±5 532±10 792±12
DMSO None 51 ±7 41 ±4 556+28 774±20
Ascorbate None 0 0 128±10 65±6
Trolox® None 12+2 9±1 543±15 826+20
Benzoate0 None 41 ±2 32±2 516±10 790±11
DMSO0 None 43±2 31 ±1 527+20 797±10
Mannitol0 None 41 ±2 31±1 532±18 808125
Mannitold None 41±2 f 32±2 522±8 810120
a - All data are obtained using peroxynitrite from method A (involving the 
reaction of azide with ozone). ND refers to not determined. All samples 
contained 1.0 mM Met, 1.0 mM Leu, 0.5 mM peroxynitrite, and the other 
components as indicated. The concentrations of scavengers were 20 mM 
unless otherwise indicated and the concentrations of chelators are 0.5 mM. 
Reactions were done at 0.5 M phosphate buffer, final pH 7.4, and 25°C. Each 
value represents the average of two experiments and the error is the standard 
deviation.
b - Fe3+-EDTA was 0.5 mM.
c - The concentrations of benzoate, DMSO, and mannitol were 200 mM, 200 
mM, and 250 mM, respectively.
d - The concentration of mannitol in this experiment was 500 mM.
Two Preparations of Peroxynitrite Give the Same Results. Table 
2.1 shows the yields observed for ethylene and M etS=0 for peroxynitrite 
solutions prepared by method A (involving the reaction of azide with ozone), 
These data are in excellent agreement with an identical study using 
peroxynitrite solutions prepared by method B (the autoxidation of 
hydroxylamine); the difference in yields for either M etS=0 or ethylene 
averages less than 5% (see APPENDIX I, Tables 1.7 and 1.8). This is 
significant, since possible impurities in the peroxynitrite solutions are very 
different in the two preparative methods. (Method A gives solutions have 
residual azide; solutions prepared by method B have residual hydrogen 
peroxide and adventitious metals.)
Ethylene from Methionine and KTBA and the Formation of the 
Hydroxyl Radical. A classical probe for oxy-radicals is the production of 
ethylene from methionine derivatives such as 2-keto-4-thiomethylbutanoic acid 
(KTBA) [88] or methional [89], as originally introduced by Beauchamp and 
Fridovich [90]. Therefore, ethylene yields from the reaction of peroxynitrite 
with both methionine and KTBA were measured.
At pH 7.4 peroxynitrite converts methionine to a mixture of methionine 
sulfoxide and ethylene. As shown in Table 2.1, the presence of either EDTA 
or DTPA does not affect the yields of either methionine sulfoxide or ethylene 
and, as discussed above, the two methods for preparing peroxynitrite give the 
same results. The data in Table 2.1 therefore can be pooled to show that the
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material balance is good; all the data in Table 1 show that the sums of the 
yields of M etS=0 and ethylene plus recovered Met equal 102±4% of the 
starting amount of methionine.
KTBA is a particularly useful probe molecule, since it gives higher yields 
of ethylene than does methionine [e.g., see [88]. The reaction of peroxynitrite 
with KTBA at pH 7.4 gives substantial yields of ethylene (Table 2.2). As 
expected from their effects on ethylene yields from methionine, EDTA and 
DTPA do not significantly affect the yields of ethylene from KTBA. The 
amount of ethylene produced is independent of KTBA concentration, showing 
that the reaction is first order in peroxynitrite but zero order in KTBA (Table 
2.3).
E ffec ts  o f  R ad ica l Scavengers. Table 2.1 shows the effects of radical 
scavengers on the formation of both methionine sulfoxide and ethylene. In all 
of these experiments, the initial concentrations of the scavengers is 20- to 
500-fold greater than that of Met, so that any hydroxyl radicals produced from 
peroxynitrite would react entirely with the scavenger rather than with Met [56]. 
Table 2.1 shows that neither the yields of methionine sulfoxide nor those of 
ethylene are affected by the hydroxyl radical scavengers benzoate, mannitol or 
DMSO either in the presence or absence of ferric-EDTA (although more 
M etS=0 is formed in the presence of ferric-EDTA).
E ffec ts  o f  A sco rb a te  a n d  Trolox®. The effects of these two 
scavengers are more complicated and covered in the Discussion section.
Table 2.2. Ethylene Yields for the Reaction of KTBA with Peroxynitrite 
under Different Conditions.8
Added
Compounds
Concentration Ethylene Yield
(%)b
none 0 76±3
Fe3+-EDTA 0.5 mM 78±4
DTPA 0.5 mM 87±8
EDTA 0.5 mM 74±2
a - The GC product analysis procedure is described in APPENDIX I. 
Peroxynitrite was prepared by the autoxidation of hydroxylamine ( method B). 
Samples contained 1.0 mM KTBA, 0.5 mM HOONO, and the other 
components as indicated. Reactions were conducted in 0.5 M phosphate 
buffer, pH 7.4, at 25°C, and initiated by the addition of HOONO, by means of 
a syringe, to the head-space vials containing the other components. Values 
are averages of two measurements, and errors are standard deviations, 
b - Yields were calculated based on the KTBA consumed as measured by 
NMR as described in the experimental section.
Table 2.3. The Dependence of the Yields of Ethylene on the Initial 
Concentration of KTBA.8
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KTBA (mM) Ethylene Produced 
(nmol)
Ethylene Yield
(%)b
1.0 502+40 82+6
2.0 510±38 78±4
3.0 524±42 NC°
5.0 552±30 NCC
10.0 512±60 NC°
15.0 498±26 NCC
20.0 526±24 NC°
a - Samples contained 0.5 mM peroxynitrite prepared from method B plus 
KTBA as indicated in the table. Reactions were carried in 0.5 M phosphate 
buffer, pH 7.4, at 25°C. Experimental conditions for GC product analysis are 
described in APPENDIX I.
b - Yields were calculated based on the reacted KTBA measured by NMR. 
Values are average of two duplicate measurements. Errors are standard 
deviations.
c - NC refers to not calculated. The small change in KTBA concentration does 
not allow for accurate yield calculation.
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The M echan ism  o f  E thylene Form ation . Several groups have 
suggested that the production of ethylene from methionine analogs involves an 
initial one-electron oxidation of the methionine derivatives to give a radical- 
cation centered on the sulfur atom [90-92], For example, the mechanism of 
methional with hydroxyl radical has been proposed to be that shown below 
[90]:
o o
CH3—S—CH2-CH2-C—H + "OH ------- ► QHa_ s _ CH2.CH2-C_ H + OH
O
CH3—S—CH2-CH2-C—H + OH'
-  „ c _ | -  
I
OH
c h 3— s —c h 2-c h 2- c —h
o+ “ I
c h 3—s —c h 2-c h 2- c —h
OH
CH3S—SCH3 + CH2= C H 2 + HCOOH
(2.3)
(2.4)
(2.5)
To test this possibility, we examined the reactions of KTBA with 
peroxodisulfate and eerie ions. Both peroxodisulfate and eerie ions are potent 
one-electron oxidants, with the couples S20 827(S 04 , S 0 42') and Ce (IV)/Ce (III) 
having potentials of 1.45 [93] and 1.44 [94] volts, respectively. Indeed, we 
find that both peroxodisulfate and eerie ions can oxidize KTBA to give small 
yields of ethylene (Table 4).
M echan is tic  C ons ide ra tions . We hypothesize that the unimolecular 
decomposition of peroxynitrite to form nitrate and the reactions of
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Table 2.4. The Formation of Ethylene from the Reactions of KTBA with 
Ceric Ion and Peroxodisulfate lon.a
Oxidant Concentration Ethylene Produced
(mM) (nmole)
o CD
+ 10.0 274±20
s2o82- 10.0 70±7
a - Reactions were initiated by the addition of oxidants to the water solution 
containing 10 mM of KTBA at 25°C. Ethylene analysis was performed using 
GC as described in APPENDIX I. Data are presented as means±SD.
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peroxynitrite with methionine to give methionine sulfoxide or ethylene are 
competitive reactions that occur simultaneously, as shown below: 
ki
HOONO -  , —  HOONO* (2.6)
k-i
HOONO* kQ->» H 0 N 0 2 (2.7)
HOONO* + Met k.ET- »  CH 2=CH 2 + other products (2.8)
HOONO + Met Rn ► M etS =0 + HONO (2.9)
where HOONO* is an activated form of peroxynitrite (see the discussion 
below).
If reactions 2.6-2.9 describe this system, then the rate law for the 
formation of M etS=0 and ethylene can be described by Eqs. 2.10 and 2.11 as 
shown below:
d[MetSO] = k N[HOONO][Met] (2.10)
dt
dECHd7~ ^ 1 = kET[HOONO*][Met] (2.11)
where square brackets refer to molar concentrations. This mechanism 
predicts that the yield of ethylene (which occurs by an overall first-order 
reaction) divided by the yield of M etS=0 (in a second-order reaction) should 
give Equation 2.12. This derivation assumes that methionine is present in
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excess, that a steady-state applies to reactive species, and [Met]0, the initial 
concentration of methionine, is constant.
(Yield of MetSO) kNk_i + kNkD kN rfcjl^ +1 ^  m \
(Yield o) Ethylene) -  -------------   + "ET lM e*]» (2'12)
Thus, a plot of the yield of M etS=0 divided by the yield of ethylene 
versus [Met]Q should give a straight line with the slope (kN/k1). This plot is 
shown in Figure 2.2 (data are shown in APPENDIX I Table 1.6), and the data 
fit a straight line with a slope of 3020 M'1 (^=0.99).
Discussion
The reaction of nitric oxide with superoxide to form peroxynitrite in vivo 
can control the concentrations of both nitric oxide and superoxide, each of 
which has potent biological properties. To the extent that peroxynitrite 
isomerizes to form nitrate, the nitric oxide-superoxide reaction presents a 
pathway for the down-regulation and/or detoxification of both. However, this 
very fast radical recombination reaction replaces two relatively poor oxidants, 
NO and superoxide, with a potent oxidant, peroxynitrite. Peroxynitrite reacts 
with certain types of organic species: nucleophiles (including amines, sulfides, 
thiols), electron donors (mercaptide ions, phenols, ascorbate, methionine), and 
possibly olefins (which it may epoxidize). The competition between these 
oxidations by peroxynitrite and the detoxification leading to nitrate will depend
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Figure 2.2. A Plot of the Ratio of the Yields of Methionine Sulfoxide 
Divided by the Yields of Ethylene versus the Initial Concentration of 
Methionine (Eq. 2.12) at pH 7.4, 25.0°C. Methionine sulfoxide was analyzed 
by HPLC and ethylene was analyzed by GC, as described in APPENDIX I. 
Each data point represents an average of three independent determinations. 
Error bars are the standard deviations derived from three determinations.
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on exquisite control of the concentrations of NO, superoxide, the concentration 
of bio-targets for peroxynitrite, and pH within a given cellular 
microenvironment. It is the ability of peroxynitrite to modulate this balance 
between oxidation reactions and detoxification of NO and superoxide that 
makes it such a fascinating and potentially important species.
Peroxynitrous acid, the protonated form of peroxynitrite, rapidly 
isomerizes to nitric acid [56,63,67,69-72]. However, there is an uncertainty 
as to whether the mechanism of isomerization proceeds via homolysis of 0 - 0  
bond with the formation of hydroxyl radicals or via an intramolecular 
rearrangement not involving free radicals. Several research groups have 
suggested that the decomposition of peroxynitrite proceeds at least in part via 
homolysis to give H 0 ‘  and *N 02, and that the hydroxyl radical produced in this 
process is responsible for the oxidation of biological molecules [25,65,66]. 
However, the inactivation of alpha-1-proteinase inhibitor by peroxynitrite does 
not involve the hydroxyl radical; the oxidizing agent is peroxynitrous 
acid/peroxynitrite itself [56]. Furthermore, thermokinetic calculations appear to 
rule out the possibility of the unimolecular homolysis of HOONO to form the 
hydroxyl radical [67],
C o m pe tition  B e tw een N u c le o p h ilic  a n d  O ne-E lectron  T ransfe r 
R eactions. Nucleophiles are, of course, electron donors. The classical 
nucleophile displacement reaction involves the net transfer of two electrons 
from the nucleophile to a bond between it and an electrophilic species.
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However, as first pointed out by Michaelis [95], when two electrons are 
transferred, it is likely that one will precede the other. This led Michaelis to 
conclude that in theory all redox reactions involve radicals. It is only useful, 
however, to class reactions as involving free radicals if the existence of free 
radicals can be demonstrated. Peroxidic compounds, with their weak 0 - 0  
bond, have a propensity for one-electron reactions, and for this reason 
nucleophilic displacement reactions on peroxides is of keen interest [96-98].
Many authors have studied the reaction of peroxidic materials with 
nucleophilic compounds and attempted to sort radical from non-radical 
reactions. As is typical in these systems, dimethylanaline (DMA) has a potent 
effect: a 10 mM solution of benzoyl peroxide (BPO) has a half-life of 60,000 
hours at 20°C, but the addition of 10 mM dimethylaniline reduces this half-life 
to 13 min (p 98 in ref [98]). Despite the fact that only a small fraction of the 
BPO-DMA interactions lead to radicals, the overall acceleration is so 
enormous that radical production occurs at a greatly accelerated rate in the 
presence of DMA. In fact, the BPO-DMA reaction can be used to initiate 
radical reactions at room temperature, whereas benzoyl peroxide, as 
remarked above, has a half-life of some 7 years at 20°C. Benzoyl peroxide, 
with its excellent benzoate leaving group, is susceptible to SN2 reactions, and 
ion radicals from these processes can, in certain conditions, be captured by 
spin trap reagents such as phenyl tert-butyl nitrone [99],
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Nu: + XOOY
Products
Nu+—  OX + YO“
S n 2
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Products
Figure 2.3. Difficulties Involved in Distinguishing Radical and Non- 
Radical Reactions of a Generalized Nucleophile (Nu:) and Peroxidic 
Compound (XOOY). a is the SN2 pathway and b is the electron transfer 
reaction (ET); c and d refer to the interconvert of the intermediates involved in 
either the ET or SN2 process. Finally, products can be formed from either 
pathway e or f.
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Despite such dramatic effects, it generally is difficult to determine the 
mechanism of interaction of such nucleophile/peroxide pairs; in fact, the 
BPO/DMA system proved very difficult to unravel [100-102]. Figure 2.3 
illustrates the difficulties involved in distinguishing radical and non-radical 
reactions of a generalized nucleophile (Nu:) and peroxidic compound (XOOY). 
The kinetics often are not useful, since it generally is difficult from rate 
measurements alone to determ ine whether an interaction yields radicals or 
not. And, as Figure 2.3 shows, the intermediates involved in either the ETor 
SN process can interconvert, so products can be rationalized from either 
pathway. In fact, product analysis generally is not useful to distinguish these 
two pathways [102-106]. One might think a priori that the production of 
radicals at an accelerated rate could be taken as proof of an electron transfer 
(ET) reactions. However, as Figure 2.3 shows, that is not the case, since the 
intermediate produced in the SN2 reaction, Nu+-OX can dissociate to give 
radicals. In fact, as postulated by Walling [100] and latter confirmed by a 
kinetic isotope test [101,102], the intermediate [Ph-CO -0-N (M e)2-Ph]+ formed 
in the BPO/DMA system undergoes homolysis to form benzoyloxyl radicals 
(Ph-C 02*) faster than does benzoyl peroxide itself, thus producing the 
observed acceleration in radical formation.
This delicate distinction between one- and two-electron processes 
occurs in biological systems. For example, the peroxidase activity of 
prostaglandin synthetase is associated with the conversion of the eicosanoid
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hydroperoxide PGG2 to the alcohol, PGH2. As studied in detail by Marnett and 
his group, during the formation of PGH2, certain substrates are co-oxidized by 
a one-electron and others by a two-electron mechanism [107,108]. Another 
example is the oxidation of polycyclic aromatic hydrocarbons to carcinogens, 
which can involve an even-electron epoxidation (for example by P450-type 
enzymes [109]) or one-electron steps [110].
Ethylene Formation and the Formation of the Hydroxyl Radical. 
Stopped-flow studies establish that the peroxynitrite-methionine reaction that 
gives methionine sulfoxide is overall second order, first order in both HOONO 
and methionine (Figure 2.1). Therefore, the plot shown in Figure 2.2 implies 
that the reaction giving ethylene is first order in HOONO but zero order in 
methionine. These two reactions, therefore, must have very different 
mechanisms. We suggest the mechanism shown in Equations 2.6 to 2.9, 
involving the rate-limiting formation of an activated form of peroxynitrous acid, 
HOONO*. The activated form of peroxynitrous acid, HOONO*, is the 
postulated "hydroxyl radical-like" species [25,67]; it can act as a one-electron 
oxidant, reacting with Met or KTBA to give ethylene. This species also reacts 
with potent electron donors (such as phenols and thiols) in a reaction that is 
first order in HOONO but zero order in the substrate.
The Production of Ethylene. KTBA is oxidized to ethylene by 
peroxynitrite, peroxodisulfate, or eerie ions (Tables 2.2-2.4). Oxidation of 
KTBA by peroxodisulfate to give ethylene could be complicated by the
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intermediacy of the radical ion S 0 4'. However, the formation of ethylene from 
the reaction of KTBA with eerie ion, which is a good one-electron oxidant 
(Table 2.4), provides convincing evidence that KTBA can be oxidized to form 
ethylene by a one-electron transfer reaction without the intermediacy of free 
radicals.
The data presented above can be interpreted as implying that HOONO 
directly oxidizes methionine derivatives in a one-electron oxidation, ultimately 
giving ethylene, as shown in Equation 2.8 above. The difference in kinetic 
order between the formation of M etS=0 and ethylene means that the ratio 
[MetS=0]/[ethylene] decreases as the initial concentration of Met is lowered. 
Thus, it is possible that ethylene is formed in vivo from the reaction of 
peroxynitrite with methionine residues in proteins.
Both methionine sulfoxide and ethylene are produced in vivo.
Methionine sulfoxide residues in proteins are known to be formed in a variety 
of proteins in many tissues with age or with increasing oxidative stress 
[111-115]. Ethylene is excreted by plants [116-118], where it is bio­
synthesized from 1-aminocyclopropane-1-carboxylic acid, which in turn is 
made from S-adenosylmethionine [119]. Ethylene also is present in exhaled 
breath from humans [120-122]; the source of this ethylene is not known. It is 
conceivable that the production of ethylene from the HOONO-methionine 
reaction is a hitherto unrecognized biochemical pathway.
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The rates of formation of ethylene are independent of both Met (Figure 
2.2) and KTBA concentrations (Table 2.2), confirming that the formation of 
ethylene from reactions of Met or KTBA with peroxynitrite is zero order in Met 
or KTBA. The amounts of ethylene produced from either Met or KTBA are not 
affected by metal and metal chelators (Tables 2.1 and 2.2), suggesting that 
both reactions have sim ilar mechanisms. However, the presence of the ferric- 
EDTA complex causes the increase of methionine sulfoxide yields (Table 2.1), 
implying that the decomposition of HOONO to nitrate and the formation of 
ethylene are affected less by metal ions than is the formation of methionine 
sulfoxide. This is expected, since displacement reactions often are catalyzed 
by Lewis acids whereas unimolecular reactions are less influenced (see pp 
437 ff in ref [123]). Nitration reactions of peroxynitrite also can be catalyzed 
by metal complexes acting as Lewis acids [62].
Evidence Against Free Hydroxyl Radicals Being Involved in These 
Reactions. If Hydroxyl radical were involved in the oxidation of Met by 
peroxynitrite, the inhibition of apparent HO* production could be estimated 
from the effect of various scavengers on M etS=0 or ethylene yields based on 
equation 2.13 described by Winterbourn [124], 
ksi F j[M ]
= (1 -F i)[Sj] (2 -13)
Equation 13 predicts the simple competitive kinetics between Met and 
scavenger, where F, is the fraction of inhibition from scavenger i at
41
concentration [SJ; ksi and kM are the rate constants for reaction of HO* 
scavenger i and Met, respectively; and [Met] is the concentration of Met.
The results are listed in Tables 2.5 and 2.6. They clearly show that the 
oxidation of methionine by peroxynitrite to form methionine sulfoxide and 
ethylene is not affected by typical hydroxyl radical scavengers, mannitol, 
DMSO, and benzoate. Trolox® does not affect the yields of M etS=0 but 
decrease the formation of ethylene, and ascorbate inhibits the formation of 
both M etS=0 and ethylene. This is due to the direct reactions of ascorbate or 
Trolox® with peroxynitrite or its activated form (see discussion below). 
Therefore, we conclude that the principal pathways leading to either 
methionine sulfoxide or ethylene do not result from a process that involves the 
unimolecular homolysis of HOONO to form nitrogen dioxide and hydroxyl 
radicals.
E ffec ts  o f  A sco rba te  a n d  Trolox®. Ascorbic acid prevents the 
oxidation of methionine by peroxynitrite (Table 2.1). At the 20-fold excess 
ascorbate used in these experiments, the ratio of the rates for the reaction of 
peroxynitrite with ascorbate relative to methionine is (64 M '1s '1 x 20)/(242 M‘1s' 
1 x 1) = 5.3; thus, the bimolecular reaction of ascorbate with peroxynitrite is 5- 
fold faster than the methionine-peroxynitrite reaction. Because there is a fast, 
direct, bimolecular reaction of ascorbate with peroxynitrite, ascorbate acts to 
sacrificially destroy peroxynitrite before it can react with methionine.
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Table 2.5. Ethylene and MetS=0 Inhibition by Scavengers in the 
Presence of Hydroxyl Radical without Ferric-EDTA Catalysis.8
Scavengers Concentration Fj (%) for Ethylene F; (%) for MetS=0
(mM) Calculated13 Observed0 Calculated13 Observed0
DMSO 20 94 0 0 0
Benzoate 20 93 0 0 0
Mannitol 20 80 0 0 0
T rolox® 20 99 75 0 0
Benzoate 200 99 0 0 0
DMSO 200 99 0 0 0
Mannitol 250 98 0 0 0
Mannitol 500 99 0 0 0
a - Reaction mixtures contained 1.0 mM Met, 1.0 mM Leu, 0.5 mM 
peroxynitrite, and scavenger as indicated above. Ethylene was analyzed by 
GC and M etS=0 was analyzed by HPLC as described in APPENDIX I. 
b - Calculations are based on Equation 13. All rate constants (pH 7, 25°C) 
are obtained from reference [125]. 
c - Experimental results from Tables 2.1.
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Table 2.6. Ethylene and MetS=0 Inhibition by Scavengers in the 
Presence of Hydroxyl Radical with Ferric-EDTA Catalysis.8
Scavengers Concentration F, (%) for Ethylene F, (%) for MetS=0
(mM) Calculated13 Observed0 Calculated1 Observed0
DMSO 20 94 0 0 0
Benzoate 20 93 0 0 0
Mannitol 20 80 0 0 0
Trolox® 20 99 79 0 0
Benzoate 200 99 20 0 0
DMSO 200 99 23 0 0
Mannitol 250 98 23 0 0
Mannitol 500 99 20 0 0
a - Reaction mixtures contained 1.0 mM Met, 1.0 mM Leu, 0.5 mM ferric- 
EDTA, 0.5 mM peroxynitrite, and scavenger as indicated above. Ethylene was 
analyzed by GC and M etS=0 was analyzed by HPLC as described in 
APPENDIX I.
b - Calculations are based on Equation 13. All rate constants (pH 7, 25°C) 
are obtained from reference [125]. 
c - Experimental results from Tables 2.1.
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In the presence of 5 mM Trolox®, the decomposition of peroxynitrite 
has a rate constant of 0.23±0.03 s'1. This rate constant compares with 
0.26+0.006 observed in the absence of Trolox®. Thus, Trolox®, a phenol, 
behaves like other compounds that react in a first-order process with a 
"hydroxyl-like" species, HOONO*, rather than with ground state HOONO.
Since HOONO* can react either with methionine to give ethylene or with 
Trolox®, Trolox® lowers the yields of ethylene without affecting yields of 
M etS=0.
Conclusions
We suggest that peroxynitrous acid/peroxynitrite can oxidize methionine 
directly to give methionine sulfoxide without the involvement of free radicals.
An intermediate on the pathway for the conversion of peroxynitrous acid to 
nitric acid, HOONO*, which has a reactivity similar to that of the hydroxy 
radical, is proposed to be a one-electron oxidant that is responsible for the 
formation of ethylene.
Figure 2.4 shows the reaction coordinate-energy diagram for this 
system. As we have described [67], cisoid-HOONO isomerizes to the transoid 
form, via transition state 1 (TS,), with an activation energy of 12 kcal/mole.
The transoid form can then be activated through a second transition state 
(TS2) to form an excited form, HOONO* (III in Figure 2.4). Intermediate III
1.60 A
1.17 A 113.9'
dih $ ONOO=4.57° 
dih $ HOON=98.8°
107.0°JJ 1 -46 ^ 
i .59 AjYnY
108.711.17 Ai
n dih^ ONOO=174.5° 
dih $ HOON=101.6°
114.6' 1.36 A1.32 A
1.37 A// 104-1
j^jdih ONOO=180.0° 
dih i  HONO=180.0°
1.22 A
113.2' 
1.47 A
^dih  $ ONOO=180.0° 
dih $ HONO=180.0°
TSTS n i
Figure 2.4. Schematic Energy Profiles for the Decomposition of Peroxynitrous Acid, its Reaction with 
Methionine, and the Structures of Cisoid- and Transoid-Peroxynitrite (I and II), Intermediate III ( proposed to 
have hydroxyl-radical-like reactivity), and Nitrate IV. The reaction coordinate diagram shows energies in kcal/mol.
The calculated structures show bond lengths, angles, and dihedral angles (dih).
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then rearranges to form nitrate, the ultimate detoxification for mixtures of 
superoxide and nitric oxide, if reactive organic compounds are not present. If 
compounds such as amines, thiols, sulfides, or phenols (including tyrosine 
residues in proteins) are present, then HOONO* is trapped. Figure 2.4 shows 
the reaction of HOONO* with methionine to give ethylene competing with 
nitrate formation.
Figure 2.4 also shows the optimized structures obtained for cisoid- and 
transoid- peroxynitrite (I and II), intermediate III (proposed to have the 
hydroxyl-radical-like reactivity), and nitrate (IV), as calculated using density 
functionals as implemented in the G92/DFT package. (Taken from work in 
progress: J. Combariza; N.R. Kestner; X. Jin; G.L. Squadrito; and W.A.
Pryor.)
Our data using classical hydroxyl radical scavengers demonstrate that 
neither the formation of methionine sulfoxide nor ethylene involve free hydroxyl 
radicals. Our data also are consistent with the suggestion that the mechanism 
for the conversion of HOONO to nitrate does not involve the formation of the 
hydroxyl radical [67], but rather involves the activation of HOONO to a higher- 
energy conformation, HOONO* as shown in Figure 2.4. We propose that this 
higher-energy state of HOONO reacts with substrates such as thiols and 
cytochrome C that had been found to react with a "hydroxyl radical-like" 
species [25] to form HOONO. We now can add methionine to this list of
compounds that react with HOONO in processes that are zero order in 
substrate.
Thus, the reaction of nitric oxide with superoxide produces peroxynitrite. 
This can present the cell with an exquisitely sensitive pathway to convert nitric 
oxide either to nitrate or to a species that is a potent one- and two-electron 
oxidant that is capable of doing a variety of types of biological damage by 
several mechanisms. The multitude of possible reaction channels for 
peroxynitrite will be modulated by the environment in which it is formed.
CHAPTER 3. PEROXYNITRITE OXIDATION OF METHIONINE: 
KINETICS AND BIOLOGICAL RELEVANCE
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Introduction
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Nitric oxide (NO) is not only a potent biological mediator [7,27,126] but 
also a toxin [9,127], Many of the toxic reactions of NO result from its reaction 
with superoxide, at a diffusion-control rate [24,26] under physiological 
conditions, to produce peroxynitrite and the conjugate acid, peroxynitrous acid 
[25,56,67,77], There are potential loci in vivo where peroxynitrite can be 
formed; for example, stimulated neutrophiles, macrophages, neuronal cells, 
and vascular endothelial cells generate superoxide anion radical and NO that 
can combine to form peroxynitrite [25,27-31,128], Number of studies indicated 
that peroxynitrite is formed in vivo [36,45,46,50],
Peroxynitrite and peroxynitrous acid are potent oxidants as evidenced 
by their ability to initiate lipid peroxidation [54,55], oxidize sulfhydryls [53], and 
methionine residues in proteins [56], Peroxynitrite formed in vivo may also 
contribute to cell-mediated inflammatory responses and tissue injury [44], and 
it can be a critical mediator of cell-derived luminol chemiluminescence [129], 
Peroxynitrite is relatively stable in basic solution, but its protonated form 
is highly unstable and decomposes with a half life of about 1 sec at 
physiological pH [63,67], The kinetics of the decomposition of peroxynitrous 
acid has been intensively studied ([52] and the references therein). However, 
the information on both the decomposition rates and the pKA values of 
peroxynitrous acid is sometimes diverging and confusing.
Two mechanisms have been proposed for the decomposition of 
peroxynitrous acid based on the kinetic studies. One of these is a 
unimolecular rearrangement involving migration of the outer peroxide oxygen 
to nitrogen [63]. The other is unimolecular cleavage of the oxygen-oxygen 
bond in HOONO to form two radicals in a cage [64,130]. Recombination of 
the caged radicals forms nitric acid (Equations 3.1 to 3.3).
HOONO --------- ► [HO- -O N O ]
[HO- - ONO] --------- ► HO- + - ONO
HO- + - ONO -i ► H N 03
It is generally assumed that the decomposition of peroxynitrous acid 
yields the hydroxyl radical which is responsible for the damage to the 
biological molecules [25,65,66], although this has been questioned recently.
In recent years, the kinetics of the reactions of peroxynitrite with 
different biomolecules have also been studied. Peroxynitrite oxidizes some 
compounds such as cysteine [53] in a bimolecular reaction, and it reacts with 
compounds such as dimethyl sulfoxide, deoxyribose [25,67], and methionine to 
form ethylene (CHAPTER 2), in a unimolecular reaction for which the 
activation of peroxynitrite to form an intermediate is rate-limiting (see 
CHAPTER 2, DISCUSSION section).
(3.1)
(3.2)
(3.3)
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In order to probe this complex system of reactions of peroxynitrite with 
biomolecules, we here report the detail kinetics and Arrhenius parameters for 
the decomposition of peroxynitrite and the reaction of peroxynitrite with 
methionine over the whole pH range.
Materials and Methods
Chem icals. The following chemicals were purchase from Sigma 
Chemical Company, St. Louis, MO: sodium azide, L-methionine, L-methionine 
sulfoxide, L-methionine amide, L-leucine, diethylenetriaminepentaacetic acid 
(DTPA), mercaptopropionic acid, and o/tfro-phthaldialdehyde. Tetrahydrofuran 
was obtained from Aldrich (Milwaukee, W l) and distilled from sodium under 
argon before it was used. Hydroxylamine was from Fisher (Fair Lawn, NJ) 
and triethylam ine (TEA) from Pierce (Rockford, IL).
S yn the s is  o f  P e roxyn itrite . Refer to the experimental section of 
APPENDIX I.
HPLC a n d  GC P ro d u c t Ana lyses. The oxidation of methionine by 
peroxynitrite was studied spanning pH range of 4 to 12. Acetate buffers were 
used for pH 4.0 to 5.5 and phosphate buffers for pH 6.0 to 12.0. All buffers 
were 0.50 M and contained 0.5 mM DTPA. Reactions of peroxynitrite with 
methionine consisted of 4.0 ml solutions containing 1.0 mM Met, 1.0 mM Leu, 
and 0.5 mM peroxynitrite. Methionine sulfoxide was analyzed by HPLC, and
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ethylene was analyzed by GC. For further details, refer to the experimental 
section of APPENDIX I.
K in e tic s  E xperim ents. Kinetics of the decomposition of peroxynitrite 
and its reactions with methionine were studied from pH 4 to 12. All buffers 
were 0.5 M acetate or phosphate containing 0.5 mM DTPA. The ionic 
strength of all buffers was fixed at 1.5 M using sodium chloride unless 
otherwise indicated. Kinetics measurements at pH values lower than 11 were 
made with a stopped-fiow spectrophotometer, manufactured by Kinetic 
Instruments, Inc. (Ann Arbor, Ml) and On-Line Instrument Services (Jefferson, 
GA) with a mixing time of less than 1.5 ms. For higher pH values, the 
reactions were sufficiently slow to allow use of a Perkin Elmer UV-VIS 
spectrophotometer.
The stock peroxynitrite solution was diluted to the appropriate 
concentration with deionized water immediately before loading onto the 
stopped-flow spectrophotometer. Equal volumes of the peroxynitrite solution 
and a buffer solution, or a buffer solution containing methionine, were mixed in 
the cell of the stopped-flow apparatus. The rate of peroxynitrite 
disappearance was followed at 302 nm maintaining the temperature within 
±0.1 °C. The pH was measured at the outlet. The kinetics of the reaction of L- 
methionine amide with peroxynitrite were studied at pH 5.68 and 10.3 using 
the same method. The activation energy for the reaction of methionine with 
peroxynitrite was determined at pH 4.7 and pH 7.4 from Arrhenius plots over
a temperature range of 4.8 to 45.2°C (pH 4.7) or 15.2 to 50.0°C (pH 7.4).
Each run was repeated at least six times to determine an average rate 
constant. The kinetics of peroxynitrite decomposition were fitted to a first- 
order reaction. The peroxynitrite-methionine reaction kinetics (with excess 
methionine) and the peroxynitrite- methionine amide reaction kinetics (with 
excess methionine amide) were fitted to a pseudo-first-order equation, and 
second-order rate constants were then calculated.
Results
D e com p os itio n  o f  P e roxyn itrite . The kinetics of peroxynitrite to form 
nitrate were studied by following the disappearance of peroxynitrite at 302 nm. 
Within the pH range studied here, the raw data can be fitted to a first-order 
reaction equation by nonlinear regression to give the observed first-order rate 
constants. Figure 3.1 shows the dependence of the apparent first-order rate 
constant {k °bs) on pH using peroxynitrites prepared from both method A and B 
(data are shown in APPENDIX II, Table II.3). Peroxynitrites from both 
methods have the same kinetic behavior.
To determine whether the decomposition of peroxynitrite involves the 
general acid catalysis, the influence of buffer concentrations on the 
decomposition of peroxynitrite was studied at two different pH's, pH 5.0 and 
7.1. Figure 3.2 shows that the increase in the total buffer concentration has
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Figure 3.1. Rate of Peroxynitrite Decomposition as a Function of pH at
25°C. (o) peroxynitrite prepared by method A. (v) peroxynitrite prepared by 
method B. The first-order rate constants at various pH were determined by 
following the disappearance of peroxynitrite at 302 nm. Buffers were 0.5 M 
acetate or phosphate containing 0.5 mM DTPA, fixing the ionic strength at 1.5 
M. Each data point represents an average of six to eight determinations. 
Error bars are shown where larger than the symbols.
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no effect on the decomposition of peroxynitrite at pH 5.0, and only slightly 
accelerates the decomposition of peroxynitrite at pH 7.1 (data are shown in 
APPENDIX II, Table II.4).
The decay of peroxynitrite is accelerated in the presence of ferric- 
EDTA. The observed first-order rate constants are dependent on the 
concentration of ferric-EDTA (Figure 3.3).
R eactions  o f  M e th ion ine  w ith  P e roxyn itrite . The rate of oxidation of 
Met by peroxynitrite was studied from pH 4 to 12 under pseudo-first-order 
conditions with 10- to 50-fold excess Met by following the disappearance of 
peroxynitrite at 302 nm. The raw data was fitted to a single exponential decay 
from which the observed rate constants were extracted. The observed rate 
constants (kobs) increase linearly with the concentration of Met added, and the 
unimolecular decomposition of peroxynitrite appears as a small non-zero 
intercept (Figure 3.4). Figure 3.4 show the results of kobs versus Met 
concentration at four pH values studied here (all data and plots are shown in 
APPENDIX II, Table II.5, and Figures II.3 to II.7).
The slopes of Figure 3.4 give the second-order rate constant, k2, at four 
different pH values. For the other pH values, second-order rate constants are 
obtained in the same way.
Figure 3.5 shows the pH dependence of the second-order rate 
constants (k2) for the reactions of Met with peroxynitrites prepared from both
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Figure 3.2. Influence of Buffer Concentration on the Decomposition of 
Peroxynitrous Acid at 25°C. ( • )  pH=5.0; (o) pH=7.05. Acetate buffer was 
used for pH 5.0 and phosphate buffer was used for pH 7.0. All buffers 
contained 0.5 mM DTPA and the ionic strength was fixed at 1.0 M.
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Figure 3.3. The Effects of Ferric-EDTA Concentrations on the 
Decomposition of Peroxynitrite. The decomposition of peroxynitrite was 
followed at 302 nm, pH 7.4, and 25°C. Buffers were 0.5 M phosphate 
containing various concentrations of ferric-EDTA.
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Figure 3.4. Peroxynitrite Decomposition in the Presence of Met. ( • )
pH=5.05; (▼) pH=6.26; (o) pH=6.69; and (v) pH=7.15. Peroxynitrite (0.3 mM) 
was added to a reaction medium containing 0, 3, 5, 7, 10, or 15 mM Met in 
0.5 M acetate or phosphate buffers at different pH. The ionic strength of all 
buffers were 1.5 M. The apparent second-order rate constants were 
determined from the slopes of these plots. Each data point represents an 
average of six to eight determinations. Error bars are only shown where 
larger than symbols.
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methods A and B (data are shown in APPENDIX II, Table 11.6). Again, the 
results from both methods are compatible.
Ferric-EDTA also increases the rate of the reaction of Met with 
peroxynitrite. Figure 3.6 shows the dependence of kobs on ferric-EDTA’s 
concentrations at pH 7.4 and 25°C. The second-order rate constant, k2, 
increases from 246 to 302 s '1M ' 1 in the presence of 0.15 mM ferric-EDTA at 
pH 7.4 (slopes from Figure 3.7, data are shown in APPENDIX II, Table II.7).
The rates of the reaction of methionine amide with peroxynitrite were 
studied at pH 5.7 and 10.3, using pseudo-first-order conditions with 25- to 85- 
fold excess methionine amide. The second-order rate constants were 
obtained as described above, and the results are shown in Figure 3.5.
A rrh e n iu s  P lots. The Arrhenius parameters for the decomposition of 
peroxynitrite and the bimolecular reaction of Met with peroxynitrite to form 
M etS=0 were determined over the temperature range of 4.8 to 45.4°C at pH 
4.7, and 15.2 to 50.0°C at pH 7.4. The kinetic data are shown in Table 3.1 
(pH=4.7) and Table 3.2 (pH=7.4); and the plots are shown in Figure 3.8 and 
Figure 3.9. For the decomposition of peroxynitrite (Figure 3.8), the activation 
enthalpy, aH*=18.1±0.7 kcalmol'1; the activation entropy, aS*=1.4±2 calmoHK ' 1 
at pH 4.7; and a H*=17.4±0.5 kcalmol'1; aS*=0.9±1 .7 calmoHK ' 1 at pH 7.4. For 
the Met oxidation by peroxynitrite (Figure 3.9), the activation enthalpy, 
a H*=7.6±0.2 kcalmol'1; the activation entropy, aS*=-20±1 calmol'1 K ' 1 at pH 4.7; 
and aH W .7+0.4 kcalmol'1; aS*=-22±2 calmol'1K ' 1 at pH 7.4.
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Figure 3.5. Rate Constants for the Reactions of Peroxynitrite with Met or 
Methionine Amide as a Function of pH at 25°C. The second-order rate 
constants were obtained as described in the legend to Figure 3.4. (o) results 
for the oxidation of Met by peroxynitrite from method A; (v) results for the 
oxidation of Met by peroxynitrite from method B; and (▼) results for the 
reaction of methionine amide with peroxynitrite.
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Figure 3.6. The Effects of Ferric-EDTA Concentrations on Met Oxidation 
by Peroxynitrite at 25°C. The initial concentration of peroxynitrite was 0.25 
mM and that of Met was 2.5 mM. Buffers were 0.5 M phosphate, pH 7.4, 
containing various concentrations of ferric-EDTA.
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Figure 3.7. The Increase of the Second-Order Rate Constants for Met 
Oxidation by Peroxynitrite in the Presence of Ferric-EDTA. Experiments 
were done in 0.5 M phosphate buffer, pH 7.4, and 25°C. (o) without ferric- 
EDTA; ( • )  with 0.15 mM ferric-EDTA. Error bars are standard deviations from 
six to eight determinations.
Table 3.1. Temperature Dependence on the Rates of Peroxynitrite
Decompositinon and its Reactions with Met at pH 4.7.a
T PC) kobs (s'1) k ° bs (s'1) k2 x10 ' 3 (M '1s'1)b
4.8 2.46±0.02 0.148±0.004 0.657±0.005
11.5 3.72±0.06 0.350±0.002 0.899±0.015
14.8 4.48±0.07 0.552±0.008 1.05+0.02
2 0 . 2 6.15±0.08 0.837±0.009 1,42±0.02
24.9 8.07+0.09 1,30±0.01 1.81±0.02
30.1 10.7±0.2 2.09±0.09 2.30+0.06
35.0 13.5+0.2 3.71±0.04 2.61±0.05
40.1 18.3±0.3 5.25±0.13 3.49±0.09
45.1 24.6±0.3 8.60±0.2 4.27+4.27
a - The concentration of Met is 3.75 mM and that of peroxynitrite is 0.4 mM. 
kobs represents the observed pseudo-first-order rate constant for the reaction of 
Met with peroxynitrite and k ^ 6 5  represents the observed first-order rate 
constant for the decomposition of peroxynitrite. Data are means ±  s.d. 
calculated from at least six determinations.
b - k2, the second-order rate constant, is calculated as follows: k2=(kobs- 
k ^ / t M e tk ,  where [Met]0=3.75 mM.
Table 3.2. Temperature Dependence on the Rates of Peroxynitrite
Decomposition and its Reactions with Met at pH 7.4.a
T (°C) k ^ 5 ( s 1) kobs (s'1) k2 (M ’s ' 1 ) 6
15.2 0.095±0.002 0.795+0.04 140+8
20.4 0.151±0.002 1.20±0.03 209+6
25.0 0.227±0.01 1.56+0.04 267+10
30.2 0.452±0.02 2.25+0.06 359+12
35.0 0.736±0.01 2.73+0.06 399+12
40.0 1,29±0.02 3.64+0.06 470+12
45.0 1.84+0.07 4.82+0.08 596+16
50.0 2.8±0.06 6.48+0.07 736+14
a - The concentration of Met is 5 mM and that of peroxynitrite is 0.3 mM. k 
represents the observed pseudo-first-order rate constant for the reaction of 
Met with peroxynitrite and k ° bs represents the observed first-order rate 
constant for the decomposition of peroxynitrite. Data are means ± s.d. 
calculated from at least six determinations.
b - k2, the second-order rate constant, is calculated as follows: k2=(kobs- 
k^J/IM etJo, where [Met]0=5 mM.
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Figure 3.8. Arrhenius Plot of the Decomposition of Peroxynitrite at pH
4.7 and 7.4. ( • )  buffer was 0.5 M acetate, pH 4.7, the temperature was 
varied from 4.8 to 45.1 °C; (o) buffer was 0.5 M phosphate, pH 7.4, the 
temperature was varied from 15 to 50°C. Ionic strength was fixed at 1.0 M. 
Error bars are standard deviations from at least six determinations.
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Figure 3.9. Arrhenius Plot of the Reaction of Peroxynitrite with Met at pH
4.7 and 7.4. ( • )  buffer was 0.5 M acetate, pH 4.7. The final concentration of 
Met was 3.75 mM. The temperature was varied from 4.8 to 45.1 °C; (o) buffer 
was 0.5 M phosphate, pH 7.4. The final concentration of Met was 5 mM. The 
temperature was varied from 15 to 50°C. Ionic strength was fixed at 1.0 M. 
Error bars are standard deviations from at least six determinations.
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Product Analysis for the Methionine Oxidation by Peroxynitrite.
Within the whole pH range studied here, methionine sulfoxide and ethylene 
are the only two products observed from the oxidation of Met by peroxynitrite. 
The formation of both M etS=0 and ethylene are very dependent on the pH 
(Figure 3.10 and 3.11, data are shown in APPENDIX I, Table 1.10). Both 
figures show that Met oxidation by peroxynitrite occurs at all pH ’s studied 
here. A minimum in the yield of M etS =0 at about 270 nmols is observed 
around pH 9.0. At both acidic and very basic pH values, only small yields of 
ethylene are produced, with a maximum yield of ethylene (about 1 2 0  nmols) 
being formed at around pH 9.5.
Kinetic Model. Since ethylene and M etS=0 are the only two products 
observed within the whole pH range studied here, the chemical equations for 
the reaction system containing both Met and peroxynitrite can be written as 
follows:
HOONO H + + ONOCT ( 3  ^
HOONO HOONO* (3.5)
HOONO* HNO3  (3.6)
HOONO* + Met C H 2= C H 2 + other products (3.7)
HOONO + Met MetSO + H N 0 2
ONOO" + Met MetSO + N 0 2
(3.8)
(3.9)
6 8
to
Q)
o
CO
0 )
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Figure 3.10. Influence of pH on Peroxynitrite-mediated Methionine 
Oxidation. Reactions were started by addition of 0.5 mM peroxynitrite to a 
buffer solution containing 1.0 mM Met and 1.0 mM Leu. Samples which had 
pH lower than 10 were incubated at 25°C for 1 hour. Samples which had pH 
higher than 10 were allowed to stand at 25°C overnight. The final pH was 
determined after peroxynitrite addition. Data represent the mean of two 
different analyses.
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Figure 3.11. Influence of pH on the Formation of Ethylene from 
Methionine. Reactions were started by addition of 0.5 mM peroxynitrite to a 
buffer solution containing 1.0 mM Met. Samples which had pH lower than 10 
were incubated at 25°C for 1 hour. Samples which had pH higher than 10 
were allowed to stand at 25°C overnight. The final pH was determined after 
peroxynitrite addition. Data represent the mean of two different analyses.
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where HOONO* is the activated form of peroxynitrite (For an introduction to 
the nature of the species, HOONO*, see CHAPTER 2 , DISCUSSION section). 
The formation of HOONO* (Equation 3.5) is assumed to be the rate limiting 
step (see CHAPTER 2, DISCUSSION section), Therefore, the Equations 
above lead to the rate laws for the disappearance of peroxynitrite in the pH 
range studied here, as given by Equation 3.10 and 3.11:
where [ONOO] and [ONOOH] are the concentrations of peroxynitrite anion 
and peroxynitrous acid, respectively, and [Met] is the concentration of 
methionine. Since the equilibrium between peroxynitrite anion and 
peroxynitrous acid is rapidly established (Equation 3.4), and if the pH of the 
reaction system is held constant, then combining Equations 3.10 and 3.11 
affords Equation 3.12.
Thus, when the pseudo-first-order condition is applied, the observed rate 
constant for disappearance of peroxynitrite, kobs, is given by Equation 3.13:
d[HOONO]
dt
= k i [HOONO] + k 2 a[HOONO][Met] (3.10)
d[ONOO' ] 
dt
= k 2 b [O N O O -][M et] (3.11)
d[ONOO ] k2 bKa + k2 a[H+] [Met] }[O N O O " ] (3.12)
(3.13)
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where kobs is the observed pseudo-first-order rate constant for the 
decomposition of peroxynitrite in the presence of excess methionine, and 
[Met ] 0 is the initial concentration of Met. The slope of the plot of kobs versus
[Met ] 0 affords the second-order rate constant (k2) which is described by
Equation 3.14.
, k 2 b Ka + k 2 a [H+ ] ( 3  141
Ka + [H + ]
If the concentration of methionine is zero, only the decomposition of 
peroxynitrite occurs, and Equation 3.12 reduces to Equation 3.15.
- d[ONOO ] _ k-,[H+] [Q N n n - ]  /3 1 5 x
dt "  Ka + [H+] ( }
The observed rate constant is then given by Equation 3.16:
kobs k i [H+] (3.16)
1 “  K a +  [ H + ]
where k ^ 155 is the observed first-order rate constant for the decomposition of 
peroxynitrite.
Based on the kinetic model shown above, the data for the 
decomposition of peroxynitrite at different pH values are fitted by Equation 
3.16 (Figure 3.13), giving k t=1.38+0.02, and pKA=6.77±0.04; and the data for 
Met by peroxynitrite are fitted by Equation 3.14 (Figure 3.13), giving 
k2a=2060±120, k2b=0.20±23, and pKA=6.4±0.3.
72
1 . 6
1.2
0.8
0 .4
0 .0
2 4 6 8 1 0 1 2 1 4
pH
Figure 3.12. The Fitting by Nonlinear Regression to Equation 3.16 for the 
Decomposition of Peroxynitrite. ( • )  experimental data where peroxynitrite 
was prepared using method A. (-) the predicted curve using Equation 3.16.
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Figure 3.13. The Fitting by Nonlinear Regression to Equation 3.14 for the 
Reaction of Met with Peroxynitrite. ( • )  experimental data where 
peroxynitrite was prepared using method A. (-) the predicted curve using 
Equation 3.14.
Discussion
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Peroxynitrite can mediate the oxidation of both protein Met [56] and 
non-protein Met. The higher yields of M etS=0 at both acidic pH and alkaline 
pH (Figure 3.10) indicate that both peroxynitrous acid and peroxynitrite anion 
react with Met directly to form M etS=0. The pH dependence of M etS=0 
yields is due to the competition between the unimolecular decomposition of 
peroxynitrous acid to form nitric aid and the bimolecular oxidation of Met to 
form M etS=0.
The optimum pH for the formation of ethylene is about 9.5 (Figure 
3.11). The results of dependence of ethylene production on pH from the 
reaction of Met with HOONO is consistent with the results of that from the 
reaction of Met with flavin mononucleotide in the presence of light [80], 
Therefore, Figure 3.11 can be explained by the mechanism proposed by Yang 
et al. [80], in which the formation of methional as an intermediate is the first 
step, then the formation of ethylene from methional consists of electron 
transfer from the sulfur atom of the methional molecule, followed by a 
nucleophilic attack by OH'. It is suggested that the last step in which ethylene 
is produced from methional mediated by the intermediates of sulfite oxidation 
must have an optimal pH of higher than 8  [117].
The kinetics of the decomposition of peroxynitrous acid to form nitric 
acid is perhaps the most thoroughly studied chemical aspect of this compound
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([52] and the references therein). The stability of peroxynitrous acid is 
modulated by its pKA. Although it is generally agree that the dissociation of 
HOONO is near neutral pH, the literature pKA values for HOONO span widely 
between pKA 5.3 and 8.3 (Table 3.3). Our kinetic model is consistent with 
experimental data (Figure 3.12), giving pKA=6.77±0.04 and k1=1.38±0.02 s'1. 
These results are more accurate and in good agreement with the previous 
studies based on less complete data [67],
The activation enthalpies for the decomposition of peroxynitrite at two 
different pH ’s are very close (Figure 3.8), 18.1 ±0.7 kcalmol" 1 at pH 4.7 and 
17.4±0.5 kcalmol" 1 at pH 7.4, indicating that the activation enthalpy for the 
dissociation of peroxynitrous acid is close to zero.
The experimental kinetic data for the bimolecular oxidation of Met by 
proxynitrite to form M etS =0 fits the mechanism (Equation 3.13) very well 
(Figure 3.13), suggesting that peroxynitrite reacts with Met directly in a 
bimolecular pathway to form M etS=0, and both peroxynitrite anion and 
peroxynitrous acid are potent oxidants. Both the activation enthalpy for the 
Met oxidation by peroxynitrite, 7.6±0.2 kcalmol" 1 at pH 4.7 and 7.7±0.4 
kcalmol ' 1 at pH 7.4, are the same (Figure 3.9), further suggesting that the 
dissociation enthalpy of peroxynitrous acid is close to zero. Comparing the 
activation enthalpy of peroxynitrite decomposition, aH*=18.1±0.7 kcalmol ' 1 at 
pH 4.7 and a H*=17.4±0.5 kcalmol ' 1 at pH 7.4; with the activation enthalpy of 
Met oxidation by peroxynitrite, a H*=7.6±0.2 kcalmol" 1 at pH 4.7 and
Table 3.3. Literature Values for the pKA of Peroxynitrous Acid.
<Q. T°C Method Order, Ea Reference
5.3 25 rate of HOONO decomposition 1 [131]
6.6 1 rate of HOONO decomposition 1 [70]
6.5+0.1 
7.0±0.3
25 pulse radiolysis: absorbance 
rate of HOONO decomposition
1 [132]
6.7510.1 personal comm, 
cited in ref. [66]
6.610.2 25 rate of HOONO decomposition 1 unpublished data 
cited in ref. [65]
6.8
6.75
5,25
37
rate of HOONO decomposition 1
Ea=18
kcal/mol
[67]
7.4210.14
7.7910.08
7.4910.06
37
product analysis of reaction of 
deoxyribose + HOONO 
product analysis of reaction of 
DMSO + HOONO 
rate of HOONO decomposition
1
[25]
6.8
7.9
37 nitration of 4-HPA 1
Ea=20
kcal/mol
[62]
7.9
8.2
37 reaction of DMSO + HOONO 
reaction of ABTS + HOONO
1
Ea=20
kcal/mol
[78]
<8.3 2 ratio of rate constants 
considered only as an upper 
limit
[63]
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aH*=7.7±0.4 kcalmol" 1 at pH 7.4, the enthalpy for bimolecular reaction to form 
M etS=0 is much lower, giving convincing evidence that hydroxyl radical 
generated from the decomposition of peroxynitrite is not responsible for the 
oxidation of Met to form M etS=0, instead, peroxynitrite oxidizes Met to form 
M etS=0 directly.
The second-order rate constants for methionine amide and for Met 
oxidation by peroxynitrite are very similar at both pH 5.68 and 10.3 (Figure 
3.5). The two p«A values for Met are 3.1 and 8.0, and pKA of HOONO is 6.77. 
Table 3.4 shows the structures of Met, Met amide, and peroxynitrite with 
different charges at pH 5.68 and 10.3 based on the calculations from pKA 
values. The results suggest that electrostatic attraction or repulsion between 
peroxynitrous acid or peroxynitrite anion and the Met in zwitterionic, 
protonated, or carboxylate form does not affect the rate of oxidation of Met by 
peroxynitrite to form M etS=0.
Conclusion
We suggest that certain nucleophiles can intercept peroxynitrite prior to 
its rearrangement to nitric acid, resulting in the oxidation of the nucleophile. 
This bimolecular reaction is one of the peroxynitrite oxidation pathways, 
leading to the damage of biomolecules. Both peroxynitrite anion and 
peroxynitrous acid are powerful oxidants without the requisite of hydroxyl
Table 3.4. Comparison of the Second-Order Rate Constants of Met 
Oxidation by Peroxynitrite and that of Met Amide Oxidation by 
Peroxynitrite.
Substrate pH Substrate 
structure a
Peroxynitrile
structure
k2
(M-is-1)
Met 5.68 R—CH-COO'
I
+nh3
0
II
R—CH—CNH2
I
+nh3
HOONO : ONOO' 
(10:1)
1700
Met amide 5.68 HOONO : ONOO' 
(10:1)
1686
Met 10.3 R—CH-COO' ONOO' 1.50
Met amide 10.3
|
nh2
0
II
R—CH—CNHo
I
nh2
ONOO' 1.26
a - R refers to CH 3 S C H 2 CH 2
radical through the decomposition of peroxynitrous acid as previously 
suggested [25,65,66]. The oxidation of Met to M etS=0 has been reported to 
cause loss of biological activity in a wide variety of proteins [111,113], 
including a1 PI which has a Met in its active site [56]. This study may well 
extend to other biochemical targets and provide new understanding of 
mechanisms of peroxynitrite mediated toxicity.
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APPENDIX I
APPENDIX I contains:
1. The detail experimental procedures for product analyses using HPLC and 
GC.
2. The detail data treatments for all product analyses.
3. Data for the product analyses that were not included in the proceeding 
three manuscripts due to the emphasis on journal space economy.
Experimental
P e ro xyn itrite  Syn thes is . Peroxynitrite was synthesized by two 
methods. M ethod A. This method involves the reaction of azide with ozone 
[79], A gas stream from Welsbach ozonator that typically contained -5%  
ozone in oxygen (100 ml/min) was bubbled through a glass-frit into 100 ml of 
0.1 M sodium azide in water (the pH of water was adjusted previously to 12 
with 1 N NaOH) chilled to 0-4 °C in an ice-water mixture for about one and a 
half hours. The resulting solution can be stored at -20°C for up to 3 weeks.
M ethod B. This method involves the autoxidation of hydroxylamine in 
alkali as described by Hughes et at. [73]. Oxygen was bubbled for 4-5 hours 
at room temperature into a solution containing 0.5 M NaOH, 0.05 M 
NH2OH.HCI, and 0.1 mM DTPA. Hydrogen peroxide formed as a by-product
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was destroyed by the addition of M n02. The resulting alkaline solution can be 
stored at -20°C for up to 2 weeks.
Peroxynitrite solutions form a deep yellow top layer by freeze 
fractionation; aliquots obtained from this top layer were used for the 
experiments [56], The concentration of peroxynitrite was determined 
spectrophotometrically by measuring the absorbance at 302 nm using an 
extinction coefficient of 1670 M '1cm '1 [63] on a HP8451A Diode Array 
Spectrophotometer (Hewlett-Packard).
GC P ro d u c t A na lys is . Aqueous buffers were prepared spanning the 
pH range 6.0 to 12.0 for the experiments concerned with the pH dependence 
of the ethylene formation from the reaction of peroxynitrite with Met. All 
buffers were 0.50 M phosphate buffers containing 0.5 mM DTPA. The rest of 
experiments were done at pH 7.4. The final reaction system consisted of 0.5 
M sodium phosphate buffer, pH 7.4, methionine varying from 1 mM to 17.5 
mM as needed, 0.5 mM peroxynitrite and the other components as required. 
Control reactions did not contain peroxynitrite. Reactions were carried out in 
20-ml headspace vials. An appropriate volume of buffer was first added to the 
vial, followed by the addition of methionine and the other components, then 
the vial was sealed with silicone rubber teflon-lined caps using a crimper and 
vortexed. Finally, an appropriate volume of concentrated peroxynitrite stock 
solution was injected into the vial using a syringe while the vial was being 
vortexed. The total volume of the reaction mixtures was 4.0 ml. All samples
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were allowed to stand for 30 minutes at 25°C before GC analysis except for 
the samples which had higher pH’s than pH 10. Those samples were 
incubated at 25°C overnight to ensure the complete reactions. Samples 
concerned with the formation of ethylene from the reaction of KTBA and 
peroxynitrite were prepared in the same way. The headspace was then 
sampled with a gas-tight syringe and 1.0 ml was injected into the GC using a 
split ratio of 3:1.
A headspace analysis for ethylene used a Hewlett-Packard Model 5890, 
series II gas chromatograph. The gas chromatograph was equipped with a 
J&W  GS-Alumina column (30 m x 0.544 mm) and a flame ionization detector. 
Operating conditions: helium flow of 7.0 ml/min; column temperature 100°C; 
injector temperature 200°C; detector temperature 200°C, the retention time for 
ethylene under these conditions is 1.18 min. No ethane was observed and a 
small methane peak was identical both in samples and controls.
HPLC P ro d u c t A na lys is . The pH dependence of the formation of 
M etS=0 from the reaction of Met with peroxynitrite was also determined. 
Aqueous buffers were prepared spanning the pH range from 4.0 to 12 at 
intervals of 0.5 pH units. Acetate was used for pH 4.0 to 5.5 and phosphate 
was used for pH 6.0 to 12. Both acetate and phosphate were chosen for their 
lack of reactivity with peroxynitrite. Reactions of peroxynitrite with methionine 
consisted of 4.0 ml solutions containing varying amounts of methionine, 0.5 
mM peroxynitrite, 1.0 mM of the internal standard, leucine, and other
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components as required. Control samples did not contain peroxynitrite. 
Reactions were conducted by adding an appropriate volume of concentrated 
peroxynitrite stock solution to a buffer solution containing the other 
components, to give a total volume of 4.0 ml. The mixtures were vortexed 
while the peroxynitrite was being added to ensure rapid and efficient mixing. 
The samples were allowed to stand for one hour in a thermostated bath at 
25±0.1°C and were then filtered and transferred to HPLC vials. For the 
samples which had higher pH than 10, they were incubated at 25°C overnight 
to ensure the complete reactions. Their pH was determined using an 
Expandable Ion Analyzer EA920 (Orion Research Incorporated, Cambridge, 
MA). Samples that were analyzed by both GC and HPLC were prepared as 
described in GC product analysis. After the samples were analyzed by GC, 
the headspace vials were opened and the samples filtered and transferred to 
HPLC vials.
Methionine and M etS=0 were analyzed on a Hewlett-Packard HP 1090 
liquid chromatograph equipped with a diode array detector, using a C18- 
microbore amino acid analysis column (Hewlett-Packard, Palo Alto, CA). 
Samples were subjected to on-line pre-column derivatization with 25 mM 
mercaptopropionic acid and 25 mM ortho-phthaldialdehyde. Analyses were 
performed at 35°C with the detector set at 338±10 nm using a binary solvent 
system containing 20 mM sodium acetate, 0.1 mM EDTA, 0.015% of 
triethylamine, and 0.5% of tetrahydrofuran, pH 7.2 (solvent A) and 80%
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acetonitrile/20% 0.1 M sodium acetate (solvent B). Solvent A was decreased 
non-linearly from 98% to 0% over 15 min at a flow rate of 0.44 ml/min. 
Calibration curves were prepared using standard solutions containing 
methionine and methionine sulfoxide with leucine as internal standard. The 
operation parameters for instrument are as follows:
L I Q U I D  C H R O M A T O G R A P H initial parameters
Flow 0.440 ml/min
Solvent A 98.0 7.
B 2.0 7
C 0.0 7.
Oven Temperature 35.0 C
Max Pressure 400 bar Min Pressure : 1 0 bar
Stop Time 16.00 min
Post Time 5.00 m l n Contacts : 0000
Injection Uolume i nj ec tor program Slowdown : 2
L I Q U I D C H R 0 M A T 0 G R A P H timetable
Time < min)
5.00 Solvent A 82.0 7. B 1 8 . 0 7. C 0.0 I
9.00 Solvent A 71.0 7. B 29.0 7. C 0.0 7.
1 0.00 So 1 vent A 55.0 % B 45.0 7. C 0.0 7.
1 1 .00 Solvent A 48.0 7. B 52.0 7. C 0.0 7.
1 2.00 Solvent A 0.0 7. B 1 00 . 0 7. C 0.0 7.
1 2 .50 So 1 vent A 0.0 7. B 0.07. C 100.0 7.
1 5.00 Solvent A 0.0 7. B 0.07. C 100 . 0
16.00 Solvent A 98.0 7. D 2.07. C 0.0 7.
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I N J E C T O R  P R O G R A M
Slowdown Draw & Eject : 2
Mix : 2
Hold after Draw & Eject : 0
4B.0 ul accumulated in Syringe with Line# 9
Line# Function
1 □ raw 0 0
9 □ raw 0 0
3 Draw 18 0
4 Draw 0 0
5 Draw 1 0
S Draw 0 0
7 Mix 21 0
8 Draw nc 0
9 Mix 25 0
1 0 Inject
ul from : Hi a 1# : 0
ul from : Vial# : 1
ul from : Vial# : 2
ul from : Vial# : 1
ul from : Vial# : 3
ul from : Vial# : 0
ul cycles : 4
ul from : Sample
ul cycles : S
D I O D E - A R R A Y  D E T E C T O R  signals 8, spectra
SIGNALS A B C D E F G H
Samp 1e (nm >
Wavelength : 338 off off off o f f off off off
Bandwidth : 10
Reference (nm )
Wavelength : 390
Bandwidth : 20
Store Spectrum : peak controlled about 156 Records acquired during Run
Threshold : 0.1 mAU
Peakwidth 
Stop Time
0.I 00 min 
13.00 min
Sampling Interval 
Spectrum Range from 
t o
B40 ms 
1 90 nm 
400 nm
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S cavenge r E xperim ents. When benzoate, mannitol, ascorbic acid, 
DMSO, or Trolox® were used as scavengers, they were added to the solution 
containing Met before the addition of peroxynitrite. Scavenger concentrations 
were 20 mM in the final solution unless otherwise indicated.
M eta l C a ta lys is  Experim ents. When the metal effects on the 
reactions of Met or KTBA with peroxynitrite were studied, all metals were 
added to the buffer solutions containing the other components before the 
addition of peroxynitrite. All metal concentrations were 0.5 mM unless 
otherwise indicated.
Data Treatment
Data fo r  GC Analyses. All samples were prepared as duplicates or triplicates 
and analyzed by GC as described above. For each injection, there was a 
chromatogram as shown in Figure 1.1. Then each ethylene peak was 
integrated using software, LabCalc. Finally the amount of ethylene was 
calculated by comparing with the standard sample, and the result presented 
as means ±  s.d. was reported.
For example, the plot shown in CHAPTER 2, Figure 2.2, consisted of 
both HPLC and GC analyses results. For GC analyses, all raw data of the 
areas of ethylene from integrations are shown in Table 1.1. Then the amount 
of ethylene produced was calculated as follows:
100
200 -
<n+•
o>
i  100-
1 2
Minutes
Figure 1.1. Typical Chromatogram for GC Analyses. Sample contained 1 
mM KTBA and 0.5 mM peroxynitrite in 0.5 M phosphate buffer, pH 7.4, 25°C. 
Ethylene was analyzed by GC as described in Experimental section. The 
retention time of ethylene was 1.18 mim.
Table 1.1. Raw Data of Ethylene Analyses for Figure 2.2.a
Met Injection Area of Ethylene Average
(mM) Volume (ml) Ethylene Peakb (nmol) (nmol)
0.381 71.3
3.0 1.0 0.317 59.4 65+5
0.344 64.4
0.291 54.6
5.0 1.0 0.242 45.2 50±4
0.263 49.2
0.232 43.4
7.5 1.0 0.265 49.7 48±3
0.268 50.2
0.314 39.2
10.0 1.5 0.265 33.0 36±3
0.285 35.6
0.261 32.5
12.5 1.5 0.266 33.3 33+1
0.271 33.9
0.202 25.2
15.0 1.5 0.218 27.3 27±1
0.222 27.6
0.170 21.2
17.5 1.5 0.173 21.6 22±1
0.178 22.3
a - Samples contained 1.0 mM Leu, 0.5 mM peroxynitrite, and Met as
indicated in 0.5 M phosphate buffer, pH 7.4. Ethylene was analyzed as 
described in Experimental section, 
b - Samples were triplicates.
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1 ml standard ethylene sample (1000 ppM) was injected into GC, the area 
was 4.15±0.22 (from six samples), and the amount of ethylene in this standard 
sample was:
[(1000 x 10"6ml/ml)/24.45 x 1000)] x 109 = 40.90 (nmol)
Therefore, the amount of ethylene in the sample should be equal to:
[(area of ethylene/inj. v.)/4.15] x (22 - 4 + inj. v.) x 40.90 (nmol) 
where inj. v. is the injection volume, and (22 - 4 + inj. v.) is the total gas 
volume of the sample vial. Finally, results are reported as means ±  s.d. (also 
shown in Table 1.1).
All other ethylene analyses data are obtained in the same way, and the 
results as means ± s.d. are reported in this appendix.
Data fo r  HPLC Ana lyses. For each HPLC analysis, there was a 
chromatogram. Figure 1.2 shows the typical chromatograms from three 
different samples. Then the areas of Met, M etS=0, and Leu were integrated 
using the software ChemStation from Hewlett-Packard. Finally, the 
concentrations of Met and M etS=0 were calculated by computer from 
calibration curves (Figure 1.3) using Leu as internal standard.
For example, the plot shown in CHAPTER 2, Figure 2.2 also consisted 
the data from HPLC analyses. All the raw data (areas) and the final results 
from calibration curve (concentrations) are shown in Table 1.2. Table 1.2 also 
gives the results presented as means ± s.d. from the raw data.
Figure 1.2. HPLC Product Analysis of Methionine Oxidation by 
Peroxynitrite. Peroxynitrite (0.5 mM) was added to a buffer solution 
containing 1.0 mM Met and 1.0 mM Leu (Chromatogram A), or a buffer 
solution containing 1.0 mM Met, 1.0 mM Leu, and 0.5 mM Fe3+-EDTA 
(Chromatogram B). The control (Chromatogram C) consisted of a buffer 
solution containing 1.0 mM Met, 1.0 mM Leu, and 0.5 mM Fe3+-EDTA. 
Experiments were done at 25°C and pH 7.4.
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Figure 1.3. Calibration Curves for HPLC Product Analyses. Standard 
solutions contained 1.0 mM Leu, various concentrations of M etS=0, and Met. 
A is the calibration curve for M etS=0 and B is for Met.
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Table I.2. Raw Data of HPLC Product Analyses for Figure 2.2.a
Met
(mM)
Area of 
M etS=0 Peak
M etS=0
(mM)
Average of 
M etS=0 (mM)
205 0.241
3.0 271 0.240 0.242±0.003
264 0.246
281 0.276
5.0 294 0.253 0.265±0.016
274 0.265
310 0.302
7.5 340 0.309 0.310±0.012
290 0.318
322 0.341
10.0 351 0.342 0.341±0
342 0.341
331 0.330
12.5 354 0.343 0.340±0.08
372 0.345
381 0.342
15.0 367 0.341 0.347±0.01
358 0.360
331 0.345
17.5 340 0.333 0.346±0.001
357 0.321
a - All samples contained 1.0 mM Leu, 0,5 mM peroxynitrite, and Met as 
indicated in 0.5 M phosphate buffer, pH 7.4. Samples were analyzed by 
HPLC as described in Experimental section. After the integration of all peaks, 
computer generated the final reports which showed the concentrations of all 
peaks.
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All other HPLC product analyses data are obtained in the same way, and the 
results as means ± s.d. are presented in this appendix.
Results
All results below are reported as means ± s.d..
Table 1.3. The Formation of Methionine Sulfoxide and Ferric-EDTA 
Effects.8
Fe3+-EDTA M etS =0 (nmol)
(mM) pH=7.05 pH=8.05 pH=8.80
0 548±10 341 ±9 263±15
0.5 810±15 624±40 442±10
1.0 860±22 746±20 476±12
a - Reaction mixtures contained 1.0 mM Met, added compounds in the 
indicated concentrations, and 0.5 mM peroxynitrite in 0.5 M phosphate buffers. 
The final volumes of the samples were 4.0 ml. Data are presented as means 
± s.d. calculated from two independent experiments.
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Table I.4. The Effects of Transition Metals on the Formation of MetS=0.a
Added M etS=0 (nmol)
Metals6 pH=7.17 pH=7.75 pH=8.70
None 515±15 365±10 281±15
Cu2+-EDTA 540±25 378±4 322±15
Cr3+-EDTA 505±24 369±15 315±10
Ni2+-EDTA 510±6 371 ±7 299±13
Zn2+-EDTA 501 ±5 390±20 314±12
a - Reactions were initiated by the addition of 0.5 mM peroxynitrite to the 
buffer solutions containing 1.0 mM Met, 1.0 mM Leu, and metal complexes at 
25°C. Data are means ± s.d. calculated from two independent experiments, 
b - All the final concentrations of metal-EDTA complexes were 0.5 mM.
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Table 1.5. The Dependence of the Formation of MefS=0 on the
Concentration of Ferric-EDTA.a
Fe3+-EDTA (pM) M etS=0 (nmol)
0 360±17
5 408±5
50 450±10
150 554+13
300 650±10
500 780±39
1000 946+26
1500 1005±37
a - Peroxynitrite (0.5 mM) was added to a solution containing 1.0 mM Met, 1.0 
mM Leu, and various concentrations of Fe3+-EDTA at 25°C in 0.5 M 
phosphate buffer (pH 7.7). Data are means of duplicates.
Table 1.6. Data for Figure 2.2.
Met
(mM)
M etS=0
(mM)a
M etS=0
(nmol)b
Ethylene
(nmol)0
M etS=0
Ethylene
3.0 0.242 968 65 15±2
5.0 0.265 1060 50 21 ±3
7.5 0.310 1240 48 26±4
10.0 0.341 1368 36 37±3
12.5 0.340 1360 33 40±2
15.0- 0.347 1388 27 51 ±3
17.5 0.346 1332 22 60±3
a - Data from Table 1.2.
b - M etS =0 (nmol) = M etS=0 (mM) x 4.0 ml x 1000 (nmol), where 4.0 ml 
the final volume of the samples, 
c - Data from Table 1.1.
Table 1.7. Effects of Free Radical Scavengers on the Yields of MetS=0.
Scavengers
HOONO
preparation
MetS=0 Formation
Fe3+-EDTA = 0 Fe3+-EDTA = 0.5 mM
nmols Yield%6 nmols Yield%6
None Ac 528±14 91 ±2 803±24 99±4
None Bd 510±10 90±2 783±20 96±5
Benzoate15 A 518±5 94±3 782±15 100+5
Benzoate15 B 501 ±8 92±6 788±16 97±4
Mannitol6 A 530±8 94+3 792±12 99±5
Mannitol6 B 515±20 91 ±4 801±26 98±3
DMSO6 A 556±28 93±5 774±12 97±3
Ascorbate6 A 128±10 91 ±7 65±6 98±9
Ascorbate6 B 150±20 92±8 46±7 99±5
Trolox®6 A 543±15 92±1 826±20 98±2
Benzoate1 A 516±4 93±4 790±11 97±3
DMSO9 A 527±10 91 ±3 797±10 98±6
Mannitol6 A 532±20 92±2 808±25 96±5
Mannitol1 A 522±18 91 ±2 810±20 99±6
a - Experimental procedures are described in the experimental section. All 
samples contained 1.0 mM Met, 0.5 mM peroxynitrite, 1.0 mM Leu, and the 
other components as indicated. Reactions were done in 0.5 M phosphate 
buffer, final pH 7.4 and 25°C. Data are means ±  s.d. from at least two 
independent experiments.
b - The concentrations of the scavengers are 20 mM. 
c - Peroxynitrite was prepared by the reaction of azide with ozone as 
described in the experimental section.
d - Peroxynitrite was prepared by the autoxidation of hydroxylamine as 
described in the experimental section.
e - Yields are calculated based on the Met consumed measured by HPLC. 
f - The concentration of benzoate used in this experiment was 200 mM. 
g - The concentration of DMSO used in this experiment was 200 mM. 
h - The concentration of mannitol used in this experiment was 250 mM. 
i - The concentration of mannitol used in this experiment was 500 mM.
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Table I.8. Effects of Free Radical Scavengers on the Yields of Ethylene.8
Scavengers
HOONO
preparation
Ethylene Formation
Fe3+-EDTA = 0 Fe3+-EDTA = 0.5 mM
nmols Yield%® nmols Yield%0
None A0 46±5 7.9±0.6 4013 4.810.5
None Bd 46±1 9.510.7 4314 5.010.5
Benzoateb A 47+4 8.410.7 4114 5.510.7
Benzoateb B 48±5 8.810.8 4415 5.410.5
Mannitol6 A 50±6 8.911 4215 5.210.6
Mannitol6 B 49±6 1011 45+4 5.510.7
DMSO6 A 51 ±7 8.611 4014 5.510.5
DMSO6 B 48±5 ND' 4214 ND
Ascorbate6 A 0 0 0 0
Ascorbate6 B 0 0 0 0
Trolox®6 A 12±2 2.010.3 9.011 1.110.2
Trolox® B 10±1 ND 8.010.7 ND
Benzoate9 A 41 ±2 8.010.7 32+2 3.810.5
DMSOh A 43±2 7.910.6 3111 3.910.3
Mannitol' A 41 ±2 8.210.9 3113 3.710.4
Mannitol1 A 41 ±3 8.110.6 3212 3.910.6
a - Experimental procedures are described in the experimental section. All 
samples contained 1.0 mM Met, 0.5 mM peroxynitrite, 1.0 mM Leu, and the 
other components as indicated. Reactions were done in 0.5 M phosphate 
buffer, final pH 7.4 and 25°C. Data are means ±  s.d. from at least two 
independent experiments.
b - The concentrations of the scavengers are 20 mM. 
c - Peroxynitrite was prepared by the reaction of azide with ozone, 
d - Peroxynitrite was prepared by the autoxidation of hydroxylamine. 
e - Yields are calculated based on the Met consumed measured by HPLC. 
f - ND refers to not determined.
g - The concentration of benzoate used in this experiment was 200 mM. 
h - The concentration of DMSO used in this experiment was 200 mM. 
i - The concentration of mannitol used in this experiment was 250 mM. 
j - The concentration of mannitol used in this experiment was 500 mM.
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Table 1.9. The Influence of pH on the Formation of Ethylene from the
Reaction of KTBA with Peroxynitrite.8
pH Ethylene (nmol)
6.03 361 ±19
7.00 430±26
7.43 472±26
8.00 472±47
9.11 461±19
a - Samples contained 1.0 mM KTBA and 0.5 mM peroxynitrite. Reactions 
were initiated by the injection of peroxynitrite to the buffer solution containing 
KTBA at 25°C. Samples were incubated for 30 min before analyzed by GC. 
Data are means ± s.d. from duplicates.
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Table 1.10. The pH Dependence of the Formation of MetS=0 and
Ethylene from the Methionine Oxidation by Peroxynitrite.8
pH Ethylene Formation M etS=0 Formation Material
nmol Yield(%)b nmol Yield(%)b Balance0
6.12 10+0.3 1.8±0.2 580110 10014 10214
6.58 19±1 3.510.5 55019 9812 10212
7.05 26±1 4.910.6 513112 9614 10114
7.54 45±1 9.610.8 465113 9314 10314
8.00 49±2 1211 36119 8515 9715
8.65 79±2 1811 29613 8213 10013
8.99 97±5 2612 27618 7515 10115
9.37 125±4 2311 40216 7714 10014
9.98 121 ±3 1913 52018 8213 10113
11.1 56±3 6.010.5 836110 9014 9614
11.9 6.2±0.2 0.5310.02 1152120 9915 99.515
a - Reaction mixtures contained 1.0 mM Met, 1.0 mM Leu, and 0.5 mM 
peroxynitrite. Methionine sulfoxide was analyzed by HPLC and ethylene was 
analyzed by GC. Data are means ± s.d. from duplicate, 
b - Yields are calculated base on Met consumed.
c - Material balance =[(yield of M etS=0 + yield of ethylene)/Met consumed] x 
100%.
Table 1.11. Dependence of Ethylene Production on Time.8
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Time (min) Ethylene (nmol)
10 47±7
20 41 ±5
30 43±2
40 48±5
60 40±4
90 43+1
120 47±3
a - Reaction mixtures consisted of 1.0 mM Met and 0.5 mM peroxynitrite in
0.5 M phosphate buffer. Samples were incubated at 25°0 and the final pH's 
were 7.35. Data are means of duplicates.
APPENDIX II
This appendix describes:
1. The instrumentation for kinetic studies.
2. The detail data treatment for the rate constants and Arrhenius parameters.
3. All data for the kinetic experiments that were not included in the proceeding 
three manuscripts due to the emphasis on journal space economy.
Instrumentation
The kinetics of the decomposition of peroxynitrous acid and its reaction 
with different substrates were studied using stopped-flow spectrophotometry. 
The experimental method known as stoppled-flow spectrophotometry is used 
to determine the kinetics and rates of reactions which result from the mixing of 
two samples. The simple principle of this method can be described by the 
picture shown below:
A
nn i /h im / 1/) r /} / / 1 nn / m ,
B
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The two samples, A and B, are contained in two syringes which are 
driven by a single piston mechanism. The solutions therefore leave the two 
syringes with equal flow velocities (as long as the syringes are identical) and 
enter a mixing cell where the mixing occurs and the reaction A + B -> C 
starts.
The mixed solution in which the reaction is now proceeding then enters 
a third syringe, the piston of which is driven back until it hits a stop which 
arrests the flow abruptly.
Suppose the light of the UV detector goes through point P, at a 
distance d from the mixing point in the flow direction. Before the flow starts, 
the apparatus is completely filled with solutions, A and B as far as the mixing 
point, and product C after the mixing point. As the reactant solutions are 
being driven (assume at a constant speed) through the mixing point, a steady 
state is obtained at each point such as P, characterized by the % of reaction 
which has already taken place in the time defined by the distance and the 
linear flow velocity in the tube.
When the flow is stopped suddenly, this steady state solution stops at 
point P, and the reaction then proceeds at point P. If observation of the 
concentration of the reactant, A, for instance, is made continuously at point P, 
this would start from a minimum value Cmin before the flow starts, then it 
reaches a maximum value Cmax; this steady-state value Cmax is kept as long as 
the flow takes place, then when the flow stops the reaction proceeds from Cmax
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back to Cmin as shown in the picture below, and this is the kinetic trace of the 
reaction recorded by computer.
FL O W  STOPSS T E A D Y - S T A T E
REACTION
DISPLAY
t im e
F L O W  STARTS
For all the kinetic experiments done in this dissertation, A was the 
peroxynitrite solution and B was the buffer solution or the buffer solution 
containing the desired substrate. The kinetic traces of the reactions were 
recorded by following the disappearance of peroxynitrite at 302 nm.
Data Treatment
U n im o le cu la r Rate C onstan ts  fo r  the  D e co m p o s itio n  o f  
P e ro x y n itro u s  A c id . Every time, the mix of two reactant solutions gave a 
kinetic trace of the reaction. Generally, this process was repeated six to eight
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times for each reaction. Figure 11.1 is the typical kinetic trace of the 
decomposition of peroxynitrous acid at pH 7.4 and 25°C. Then the trace was 
fitted by computer (using The OLIS Stopped-Flow software, Olis Inc.,
Jefferson, GA) to a first exponential kinetic equation, from which the observe 
first-order rate constant, k^obs, was given. Then, the average as means ± s.d. 
was calculated from six to eight raw data for each reaction.
Table 11.1 is the example which shows the raw data and the average 
results from raw data of the rate constants for the decomposition of 
peroxynitrous acid at 3 different pH values.
Bimolecular Rate Constants for the Reactions of Peroxynitrite with 
Substrates. The stopped-flow experiments for the reaction of peroxynitrite 
with substrates were done under the pseudo-first-order condition. The 
observed pseudo-first-order rate constants, kobs, were obtained from the kinetic 
traces as described above. Table II. 2 shows the raw data of kobs for the 
reaction of Met with peroxynitrite at pH 7.4 and 25°C. Then the average 
values of kobs were calculated, and the plot of average kobs versus Met 
concentration was constructed (Figure II.2). The slope of Figure II.2 gives the 
second-order rate constant, k2=246 M'1s'1. All other second-order rate 
constants were obtained in the same way.
Arrhenius Parameters. Activation energy, Ea, was calculated 
according to the Arrhenius equation, Ink = -Ea/RT + In A, where k is the rate 
constant, A is the pre-exponential parameter, R is a constant, 1.99 cal.M"1K'1,
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Figure 11.1. The Decay of Peroxynitrous Acid at pH 7.4 and 25°C. waved 
line, experimental line recorded by computer; smooth line, nonlinear fitting to 
the experimental line by computer.
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Table 11.1. Raw Data and Average Results of First-Order Rate Constant 
for the Decomposition of Peroxynitrous Acid.8
pH k ^ 8 (s'1) Average of k,0138
1.38
1.37
1.40
4.17 1.36
1.40
1.40 
1.38
1.37
1,38±0.02
0.420
0.421
0.403
7.07 0.400
0.408
0.410
0.405
0.415
0.410±0.009
0.0745
0.0765
8.00 0.0760
0.0742
0.0770
0.0748
0.0755+0.001
a - Reactions were done at 25°C. Raw data were obtained from the fitting of 
the kinetic traces of the reactions as described above.
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Table 11.2. Raw Data of Pseudo-First-Order Rate Constants for the 
Reactions of Met with Peroxynitrite.8
Met
(mM)
3.0 5.0 7.0 10.0 15.0
kobs
(s’1)
0.903 1.12 1.38 1.67 2.41
0.897 1.08 1.38 1.77 2.32
0.897 1.15 1.34 1.68 2.30
0.859 1.11 1.32 1.66 2.32
0.897 1.16 1.40 1.71 2.38
0.876 1.08 1.32 1.70 2.30
Average
of kobs
.887±0.01 1.12±0.02 1.36±0.03 1.70±0.04 2.34±0.04
a - Reaction were done at pH 7.4 and 25°C.
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Figure 11.2. Peroxynitrite Decomposition in the Presence of Methionine.
Peroxynitrite (0.3 mM) was added to solutions containing 0, 3, 5, 7, 10, or 15 
mM methionine in 0.5 M phosphate buffer, pH 7.40, at 25°C. The slope of this 
plot gives apparent second-order rate constant, k,. Each data point 
represents an average of six to eight determinations. Error bars are only 
shown where they are larger than symbols.
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and T is the temperature (K). Therefore, the plot of Ink versus 1/T gives the 
slope as -Ea/R, and the intercept as InA. Then, the activation enthapy, aH*, 
was calculated from equation aH * = Ea - RT, and the activation entropy, aS*, 
was obtained based on equation shown below [133]: 
aS*/4.576 = logk - 10.753 - logT + Ea/(4.576T) (cal.M^.K’1)
Results
All results shown below are presented as means ± s.d. from the raw
data.
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Table II.3. Observed First-Order Rate Constants for the Decomposition 
of Peroxynitrite at Different pH, 25°C.a
HOONO: Method A Method B
pH k ° bs PH k ° bs
4.17 1.38+0.04 4.15 1,36±0.04
4.57 1.34±0.02 4.54 1,37±0.03
4.97 1.38+0.04 4.99 1.3210.04
5.53 1.30±0.03 5.48 1.3110.02
6.01 1.19+0.02 6.25 1.1010.01
6.30 1.04±0.04 6.63 0.8110.01
6.70 0.82±0.02 7.05 0.4510.02
6.95 0.51±0.01 7.61 0.34+0.05
7.10 0.41+0.01 8.62 (5 .0 i0 .2)x10 '2
7.36 0.26±0.006 9.25 (1.7+0.3)x10‘2
7.60 0.16±0.01 9.66 (5 .4 i0 .6 )x10 ‘3
8.00 (7.6±0.1 )x10‘2 10.13 (3.4+0.6)x10‘3
8.75 (2.1±0.1)x10'2 10.46 (2.3+0.3)x10 3
9.43 (4.6±0.1)x10'3 10.8 (4.0+0.3)x1 O'4
10.2 (3.310.1 )x1 O'3 11.3 (1.0+0.1)x10‘4
10.8 (4.5±0.3)x1 O'4 12.5 (4.0+0.3)x10"5
12.4 (4.9±0.1 )x10‘5
a - Data are means ±  s.d. from six to eight determinations. Method A uses 
peroxynitrite prepared from the azide-ozone reaction, and Method B uses 
peroxynitrite prepared from the autoxidation of hydroxylamine (see APPENDIX
I)-
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Table li.4. The Effects of Buffer Concentration on the Decomposition of
Peroxynitrite.0
Total buffer k ° bs
Concentration (mM) pH=5.0 pH=7.1
50 1.4310.08 0.33710.002
100 1.4210.04 0.35510.002
150 1.4110.06 0.36210.002
200 1.4210.09 0.37010.004
300 1.4510.04 0.37210.002
400 1.4110.06 0.38010.001
500 1.4010.03 0.39210.003
a - Reactions were done at 25±0.1°C. The ionic strength of buffers was fixed 
at 1.0 using NaCI. Data are average of six to eight determinations. Errors are 
standard deviations.
Table 11.5. The Observed Pseudo-First-Order Rate Constants, kobs, versus Met Concentrations at Different pH 
Values.3
pH (s'1)
Met=3 mM Met=5 mM Met=7 mM Met=10 mM Met=15 mM
4.14 4.67±0.43 7.0710.93 9.3010.10 12.0+1.0 16.511.4
4.57 5.23±0.24 6.9710.52 9.5010.40 12.910.6 17.1+1.2
5.05 4.51+0.2 6.5210.4 9.2010.70 11.5+0.7 17.111.2
5.57 3.93±0.09 5.5510.26 7.4310.4 9.4510.4 12.6+0.2
6.26 2.97±0.10 4.1210.04 5.2010.20 6.5410.20 9.4910.3
6.47 2.61±0.13 3.3310.08 4.2410.10 5.33+0.04 7.2310.13
6.69 2.11±0.05 2.6910.06 3.3110.04 4.2710.07 6.11+0.08
6.91 1.62±0.03 2.1610.02 2.63+0.03 3.2810.03 4.6410.10
7.16 1.21+0.02 1.5210.01 1.82+0.02 2.32+0.01 3.29+0.02
7.36 0.887±0.01 1.1210.02 1.36+0.03 1.7010.04 2.3410.04
7.63 0.57710.007 0.73710.01 ■ 0.88810.01 1.1310.03 1.45+0.03
8.11 0.25910.03 0.32310.004 0.38110.008 0.47810.01 0.606+0.005
8.72 0.075010.0003 0.085610.001 0.10110 0.123+0.001 0.172+0.005
9.10 0.013410.0003 0.022810.0002 0.031810.0008 0.042410.0004 0.0720+0.003
(Table Con'd)
pH kobs (s'1)
Met=7.5 mM Met=10 mM Met=12.5 mM Met=15 mM Met=20 mM
9.63 (1.30±0.04)x10‘2 (1.55±0.05)x10'2 (1.99±0.06)x10~2 (2.95±0.03)x102 (3.68±0.06)x10'2
10.2 (6.36±0.01 )x1 O'3 (7.95±0.03)x10'3 (9.70±0.02)x1 O'3 (14.0±0.2)x10‘3
10.8 (3.17±0.02)x10‘3 (3.46±0.02)x10"3 (3.74±0.03)x1 O'3 (4.47±0.04)x10'3
12.3 (6.01 ±0.01 )x1 O'4 (8.17+0.01 )x1 O'4 (10.5±0.01)x10'4 (13.9±0.1)x10‘4
a - All rates constants were obtained at 25.0°C. Buffers were 0.5 M acetate or phosphate, containing 0.5 mM DTPA, 
and the ionic strength was fixed at 1.5 M. Data are means ± s.d..
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Figure 11.3. Plots of kobs versus Met Concentrations at pH from 4.15 to 
5.05. Peroxynitrite (0.3 mM) was added to a reaction medium containing 0, 3, 
5, 7, 10, and 15 mM Met in 0.5 M acetate or phosphate buffers at different 
pH. The apparent second-order rate constants were determined from the 
slopes of these plots. Each data point represents an average of six to eight 
determinations. Error bars are only shown where larger than symbols.
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Figure 11.4. Plots of kobs versus Met Concentrations at pH from 5.59 to 
6.47. Peroxynitrite (0.3 mM) was added to a reaction medium containing 0, 3, 
5, 7, 10, and 15 mM Met in 0.5 M acetate or phosphate buffers at different 
pH. The apparent second-order rate constants were determined from the 
slopes of these plots. Each data point represents an average of six to eight 
determinations. Error bars are only shown where larger than symbols.
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Figure 11.5. Plots of kobs versus Met Concentrations at pH from 6.69 to 
7.16. Peroxynitrite (0.3 mM) was added to a reaction medium containing 0, 3, 
5, 7, 10, and 15 mM Met in 0.5 M acetate or phosphate buffers at different 
pH. The apparent second-order rate constants were determined from the 
slopes of these plots. Each data point represents an average of six to eight 
determinations. Error bars are only shown where larger than symbols.
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Figure 11.6. Plots of kobs versus Met Concentrations at pH from 7.36 to 
8.11. Peroxynitrite (0.3 mM) was added to a reaction medium containing 0, 3, 
5, 7, 10, and 15 mM Met in 0.5 M acetate or phosphate buffers at different 
pH. The apparent second-order rate constants were determined from the 
slopes of these plots. Each data point represents an average of six to eight 
determinations. Error bars are only shown where larger than symbols.
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Figure 11.7. Plots of kobs versus Met Concentrations at pH 8.72 and 9.10.
Peroxynitrite (0.3 mM) was added to a reaction medium containing 0, 3, 5, 7, 
10, and 15 mM Met in 0.5 M acetate or phosphate buffers at different pH.
The apparent second-order rate constants were determined from the slopes of 
these plots. Each data point represents an average of six to eight 
determinations. Error bars are only shown where larger than symbols.
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Table II.6. Apparent Second-Order Rate Constants, k2, for the Met 
Oxidation by Peroxynitrite at Different pH, 25°C.a
HOONO: Method A Method B
pH k2 PH k2
4.15 2030 4.56 1932
4.58 2026 5.06 1917
5.05 1960 5.53 1735
5.59 1750 6.54 701
6.26 1070 7.07 304
6.47 773 7.39 206
6.69 668 8.02 31.8
6.91 496 8.43 16.2
7.15 346 8.95 13.1
7.36 246 9.30 5.00
7.62 146 9.61 2.10
8.11 58.0 10.20 1.54
8.70 16.3 10.8 0.27
9.10 9.78 12.3 0.15
9.63 2.00
10.3 1,50
10.8 0.26
12.4 0.16
a - Data are means ± s.d. from six to eight determinations. Method A uses 
peroxynitrite prepared from the azide-ozone reaction, and Method B uses 
peroxynitrite prepared from the autoxidation of hydroxylamine (see APPENDIX
I).
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Table II.7. The Effects of Ferric-EDTA on Met Oxidation by Peroxynitrite.8
Met
(mM)
kobs
No ferric-EDTA with Ferric-EDTAb
3 0.76+0.03 0.88+0.01
5 1.10+0.02 1.36+0.03
10 1.72+0.07 2.06+0.06
15 2.32+0.03 2.77+0.04
a - Experiments were done at pH 7.4 and 25°C. 
b - The concentration of ferric-EDTA is 0.15 mM.
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Table II.8. The Observed Pseudo-First-Order Rate Constants versus 
Ascorbate Concentrations or KTBA Concentrations at pH 7.4 and 25°C.
Ascorbate
(mM)
o^bs
(s-1)
KTBA
(mM)
o^bs
(S1)
5.0 0.509±0.004 5.0 1,66±0.04
7.0 0.615+0.02 7.0 1.99+0.02
10.0 0.703±0.008 10.0 2.30±0.05
15.0 0.841±0.02 15.0 3.12±0.02
20.0 3.91±0.03
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